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PROGRAM  SUMMARY 


This  Small  Business  Innovation  Research  (SBIR)  Phase  II 
program  has  demonstrated  the  economic  benefits  of  the  Cold-Hot 
Isostatic  Pressing  (CHIP)  powder  metallurgy  (P/M)  materials  and 
manufacturing  technology  to  produce  lightweight  titanium  alloy 
components  for  aircraft  gas  turbine  engines  and  other 
applications  at  lower  cost  than  by  conventional  methods  without 
any  sacrifice  in  the  technical  performance  of  the  components. 

The  manufacturing  development  work  included  the  design  of 
tooling  and  the  evaluation  of  CHIP  processing  conditions  for 
manufacturing  near-net  shape  gas  turbine  engine  bearing  housing 
preforms.  By  a  series  of  iterations,  a  prototype  preform  was 
developed,  manufactured  and  tested.  The  final  preform  weighed  a 
little  more  than  7  pounds,  was  fully  dense  and  of  uniform 
microstructure  throughout.  Test  samples  machined  from  the  CHIP 
preforms  performed  as  well  as  test  material  machined  from  the 
currently  manufactured  forgings.  In  contrast,  the  ring  forging 
needed  to  manufacture  the  same  bearing  housing  weighs  more  than 
2\  times  the  CHIP  produced  preform.  Since  the  finish  machined 
bearing  housing  weighs  3.53  pounds  the  Dynamet  P/M  approach 
represents  a  buy-to-fly  ratio  of  2  to  1  compared  to  a  ratio  of 
4.5  to  1  when  manufactured  from  a  forging. 

In  addition,  a  study  was  conducted  to  establish  a 
comprehensive  and  reliable  data  base  of  the  static  and  dynamic 
mechanical  properties  as  related  to  the  chloride  impurity  level 
of  the  commercially  available  elemental  titanium  powders  and 
their  associated  costs.  This  was  accomplished  by  a  designed 
experiment  at  various  chloride  levels,  and,  from  this  data,  the 
development  of  a  statistical  model  to  predict  these  properties 
across  all  chloride  levels. 

This  model  of  properties  along  with  corresponding  material 
cost  estimates  will  allow  designers  and  planners  to  consider 
components  for  application  of  CHIP  fabricated  P/M  titanium 
alloys.  The  model  was  applied  to  the  gas  turbine  engine  bearing 
housing  described  above,  as  well  as  to  a  replacement  titanium 
Army  tank  track  pin,  currently  manufactured  from  steel,  which  was 
also  the  subject  of  preliminary  manufacturing  development  studies 
aimed  at  producing  near-net  shape  preforms. 

The  report  also  contains  a  discussion  of  the  economic 
advantages  offered  by  the  technology  developed  in  this  SBIR 
program  and  compares  projected  costs  of  CHIP  produced  titanium 
alloy  components  to  those  produced  by  conventional  methods.  The 
report  concludes  with  suggestions  for  further  development  and 
follow-through  with  this  manufacturing  technology  through  a 
preproduction  phase  on  an  appropriate  component  such  as  the 
bearing  housing,  a  tank  track  pin  or  other  tank  components. 
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INTRODUCTION 


Developments  in  titanium  alloy  P/M  at  Dynamet  Technology 
have  indicated  significant  economic  advantage  in  producing  fully 
dense,  near-net  shape  preforms  from  compactable  blends  of 
elemental  powders  by  cold  isostatic  pressing  (CIP) ,  vacuum 
sintering  and  containerless  hot  isostatic  pressing  (HIP) . 
Commercially  known  as  the  CHIP  process,  this  manufacturing 
technology  offers  significant  cost  savings  over  other  P/M  methods 
by  avoiding  the  use  of  more  expensive  pre-alloyed  powders  and  by 
eliminating  the  need  for  a  HIP  enclosure  or  "can".  Near-net  CHIP 
processed  components  can  also  compete  with  wrought  material  by 
reducing  both  expensive  machining  time  and  the  amount  of  material 
machined  away  associated  with  conventional  starting  stock. 

Utilizing  inexpensive  titanium  sponge  fines,  containing 
about  1500  ppm  chloride  impurity  (designated  StCl  for  standard 
chloride)  as  the  starting  powder,  CHIP  process  technology  offers 
static  mechanical  properties  superior  to  castings  and  comparable 
to  wrought  product.  Using  extra  low  chloride  (ELC1)  titanium 
powder  with  less  than  10  ppm  chloride,  produced  by  the  hydride- 
dehydride  process  results  in  further  improvements  with  both 
static  and  dynamic  mechanical  properties  equivalent  to  wrought 
titanium  alloys. 

With  the  price  of  StCl  titanium  at  $6-$8  per  pound  and  that 
of  ELC1  powder  3  to  4  times  higher.  Any  improved  performance  of 
ELCl-based  materials  is  achieved  at  significantly  higher  cost. 
Despite  the  cost  premium  associated  with  ELC1  powder,  CHIP  P/M 
manufacturing  is  still  competitive  with  wrought  materials  in 
those  component  shapes  which  take  full  advantage  of  the  economics 
offered  by  near-net-shape  manufacturing;  large,  thin-walled 
axisymmetric  shapes  with  a  closed  end,  for  example. 

This  report  presents  the  results  of  Phase  II  of  a  Small 
Business  Innovation  Research  (SBIR)  program,  initially  sponsored 
by  the  Air  Force  Materials  Laboratory  (Phase  I  program)  and  later 
by  the  Army  Research  Laboratory,  Materials  Directorate  (Phase  II 
Program) .  The  overall  objective  of  the  program  was  to  overcome 
the  remaining  technical  and  economic  barriers  to  the  more 
widespread  use  of  P/M  titanium  alloys  in  aircraft  engine 
components  including  those  with  the  most  demanding  performance 
criteria.  To  accomplish  this,  a  manufacturing  feasibility  study 
was  conducted,  using  a  Ti-6A1-4V  helicopter  gas  turbine  engine 
support  bearing  housing  as  a  prototypical  component  to 
demonstrate  that  near-net  shape  titanium  alloy  P/M  can  result  in 
substantial  cost  savings  without  compromising  structural 
properties  or  performance  level.  In  addition,  because  the  cost- 
performance  trade-off  in  P/M  titanium  alloys  is  largely 
controlled  by  the  chloride  impurity  level,  a  major  effort  was 
devoted  to  developing  a  predictive  mathematical  model  to  quantify 
the  relationship  between  the  chloride  impurity  level  and  the 
critical  mechanical  properties,  including  fatigue  and  fracture 
toughness,  of  Ti-6A1-4V. 
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To  achieve  these  objectives  the  Phase  II  program  plan  was 
divided  into  six  subtasks: 

I  Evaluation  of  Preform  and  Final  Component  Properties 

II  Optimization  of  Bearing  Housing  Preform  Design 

III  Optimization  of  Chloride  Impurity  Level 

IV  Manufacture  and  Test  of  Optimal  Bearing  Housing 

V  Application  of  Process/Model  to  New  Component 

VI  Economic  Evaluation 

The  work  performed  is  summarized  in  the  report  which 
follows. 
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EVALUATION  07  PREFORM  AND  FINAL  COMPONENT  PROPERTIES 


The  component  that  was  initially  chosen  for  development  as  a 
P/M  preform  in  Phase  I  was  the  main  engine  bearing  support 
housing  for  the  T55  gas  turbine  engine  produced  by  Textron- 
Lycoming  Division. 

A  drawing  of  the  turbine  support  bearing  housing  is  shown  in 
Figure  1.  With  a  maximum  outside  diameter  (OD)  flange  dimension 
of  just  under  7  inches  and  a  minimum  inside  diameter  (ID)  of  more 
than  4  inches,  it  is  a  relatively  complex  shape  with  a  wall 
thickness  of  about  %-inch  over  most  of  its  3-inch  length. 

This  component  is  currently  made  by  machining  from  a  16 
pound  ring  forging  of  Ti-6A1-4V*  which  utilizes  a  substantial 
amount  of  excess  material  and  requires  additional  costly 
machining  to  obtain  final  dimensions.  The  material  must  meet  the 
requirements  specified  by  ASM4928,  Titanium  6A1-4V  Alloy  Bars. 
Forgings,  and  Rings  in  the  Solution  Annealed  and  Aged  Condition 
with  Yield  Strength  of  120.000  psi  minimum. 

In  the  Phase  I  effort,  tooling  was  designed  and  used  to  fab¬ 
ricate  three  (3)  prototype  bearing  housing  P/M  preforms.  A  con¬ 
servative  approach  was  used,  designing  the  preform  intentionally 
oversize  to  ensure  that  a  finished  component  could  be  machined  to 
specification  regardless  of  exact  shrinkage  rate  or  distortion. 

The  target  dimensions  of  the  Phase  I  preform  are  shown  in 
Figure  2.  The  dimensions  of  the  three  Ti-6A1-4V  ELC1  bearing 
housing  preforms  manufactured  at  the  end  of  the  Phase  I  program 
are  shown  in  Figure  3.  The  actual  dimensions  were  very  uniform 
among  the  three  preforms  with  variations  limited  to  a  range  of 
less  than  1  percent;  the  dimensions  generally  were  within  2-3 
percent  of  the  target  dimensions  of  Figure  2.  The  total  weight 
was  slightly  above  9  pounds,  representing  a  significant  reduction 
in  material  usage  from  the  16  pound  forging  used  in  current 
manufacturing  operation. 

These  three  Phase  I  bearing  housing  preforms  were  delivered 
to  Textron  Lycoming  at  the  conclusion  of  the  Phase  I  program. 
These  preforms,  manufactured  from  Ti-6A1-4V  StCl  powder,  were 
evaluated  as  the  first  task  of  the  Phase  II  effort. 

The  three  preforms  were  heat  treated  by  solution  annealing 
for  1  hour  at  1750°F  followed  by  water  quenching  and  aging  for 
4  hours  at  1050°F.  Test  results  of  tensile  samples  machined 
from  one  of  the  heat  treated  preforms  are  shown  in  Table  I.  As 
indicated  the  properties  met  the  requirements  of  AMS 
specification  4996  for  Ti-6A1-4V  made  by  powder  metallurgy. 


1  Specified  dimensions  of  the  ring  forging  are  7.34  inches 
minimum  OD  x  3.82  inches  maximum  ID  and  3.20  inches  minimum 
length 
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Figure 


TEXTRON  LYCOMING  TURBINE  SUPPORT  BEARING 
HOUSING  CURRENTLY  M'ACH  I  NED  FROM  FORGED  RING 


Figure  2.  DESIGN  OF  PHASE  I  PREFORM  FOR  MANUFACTURE 
OF  TURBINE  ENGINE  SUPPORT  BEARING  HOUSING 
OF  FIGURE  1. 
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A  second  heat  treated  preform  was  finish  machined  to  the 
final  component  configuration  shown  in  Figure  l.  This  finished 
bearing  housing  was  then  non**destructively  tested  by  fluorescent 
penetrant  inspection  and  functionally  tested  by  leak  testing 
under  pressure.  As  indicated  by  the  appended  Certificate  of 
Conformance,  the  bearing  housing  met  all  specified  requirements. 
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OPTIMIZATION  OP  BEARING  HOUSING  PREFORM  DESIGN 


The  objective  of  this  task  was  to  demonstrate  that,  with  an 
optimized  tool  design,  the  weight  of  a  titanium  alloy  bearing 
housing  preform  could  be  further  reduced  from  the  9-10  pounds 
achieved  in  Phase  I  to  less  than  7.5  pounds.  An  iterative 
process  of  successive  tooling  modifications,  using  the  Phase  I 
tool  design  as  the  baseline,  was  used  to  achieve  further 
reduction  in  preform  weight. 

At  the  start  of  the  Phase  II  program,  it  was  hoped  that  a 
simple  modification  to  the  Phase  I  bearing  housing  tooling  could 
be  made  to  achieve  the  target  2-2^  pound  weight  reduction.  By 
eliminating  the  end  closure  and  refining  the  shape  of  the  flange 
end  of  the  preform,  as  shown  in  Figure  4,  the  program  goal  would 
be  achieved  without  a  major  change  in  the  wall  thickness  of  the 
Phase  I  preform.  However,  manufacturing  of  a  prototype  preform 
proved  otherwise.  Without  the  end  closure  to  act  as  a 
constraint,  significant  control  over  dimensions  was  lost.  Severe 
distortion  developed  during  sintering  and  was  further  exaggerated 
by  HIPing  so  that  the  final  out-of -roundness  exceeded  the 
acceptable  level . 

Based  on  this  result,  the  basic  tool  design  philosophy  was 
re-examined.  To  aim  for  a  preform  weight  approaching  7  pounds 
would  necessitate  reducing  the  wall  thickness  significantly  by 
restricting  the  preform  to  smaller  external  dimensions,  as  well 
as  radically  changing  the  tooling  design  so  as  to  minimize 
preform  distortion  during  sintering  and/or  HIPing. 

Figure  5a  depicts  the  basic  Phase  I  tool  design  where  the 
elastomeric  mold  walls  are  constrained  from  any  lateral  movement 
by  a  rigid  steel  base  plate  and  an  elastomeric  top  cap.  Figure 
5b  represents  a  tool  design  in  which  the  mold  walls  are  free  to 
move  between  lubricated  top  and  bottom  steel  plates.  This  latter 
design  was  developed  in  this  Phase  II  program  as  a  possibility 
with  the  potential  to  achieve  more  uniform  and  reduced  wall 
thickness  in  the  bearing  housing  preform. 

Another  tool  design  approach  was  also  evaluated  based  on  the 
idea  of  applying  the  pressing  pressure  from  within  the  mold,  as 
shown  conceptually  in  Figure  6.  A  potential  advantage  of  this 
method  is  that  the  final  outside  dimensions  and  distortion  might 
be  better  controlled,  yielding  a  preform  closer  to  net  shape  that 
is  less  costly  to  produce.  Moreover,  by  this  pressing  route  the 
incorporation  of  shape  details  into  the  inner  wall  might  become 
possible.  This  added  manufacturing  flexibility,  though  not 
crucial  to  the  bearing  housing  application,  might  be  of  benefit 
in  fabricating  other  complex  components. 

Developmental  work  was  done  with  both  novel  pressing 
approaches  of  Figures  5b  and  6,  but  efforts  were  concentrated  on 
the  more  established  route  of  pressing  from  the  outside. 
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iF!ED  DESIGN  OF  P/M  PREFORM  FOR  MANUFACTURE  OF  A  REDUCED  WEIGHT 
POUND)  TURBINE  ENGINE  SUPPORT  BEARING  HOUSING. 
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Figure  5.  CONCEPTUAL  SKETCH  OF  TOOL  DESIGNS  COMPARING 

(a)  THE  CONVENTIONAL  APPROACH  US  I NG  AN 
ELASTOMERIC  END  CAP  WITH  ELASTOMERIC  MOLD 
WALLS  LATERALLY  CONSTRAINED  AT  BOTH  ENDS  AND 

(b)  A  DESIGN  DEVELOPED  IN  THIS  PROGRAM 
WHERE  THE  SIDE  WALLS  ARE  FREE  TO  MOVE  BETWEEN 
RIGID  STEEL  PLATES. 
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Figure  6.  CONCEPTUAL  SKETCH  OF  TOOL  DESIGN  FOR  C I P I NG  A 
CYLINDRICAL  PREFORM  BY  APPLYING  PRESSURE  FROM 
THE  INSIDE  DIAMETER  SURFACE. 
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Sub-size  tooling  for  pressing  in  the  tool  configuration  of 
Figure  5b  was  designed  and  built,  and  an  experimental  pressing 
without  the  end  closure  was  made.  Figure  7  shows  typical 
dimensions  as-CIPed  and  after  sintering  and  HIPing.  These  results 
were  considered  promising  since  distortion  was  limited  to  a 
maximum  of  ±0.040  inches  in  the  larger  4.90  inch  diameter 
dimension  (Figure  7) . 

Although  this  experimental  pressing  demonstrated  much  better 
control  of  the  wall  dimensions  and  more  uniformity  of  the  inner 
and  outer  diameters  along  the  total  length  of  the  preform  than 
with  the  Figure  5a  tooling,  some  out-of-roundness  developed  during 
sintering,  which  was  further  exaggerated  in  HIPing.  This  result 
reaffirmed  the  necessity  of  retaining  the  end  closure  to  minimize 
distortion  (see  Figure  7) . 

A  series  of  tooling  modifications  were  systematically 
introduced  and  tested  with  experimental  pressings.  First  was  the 
re-introduction  of  the  end  closure  and  the  replacement  of  the 
elastomeric  mold  cover  with  a  rigid  steel  cap  lined  with  a  thin 
elastomeric  layer,  as  illustrated  in  Figure  8.  Preliminary 
pressings  indicated  that  these  changes  helped  to  maintain  better 
diametrical  constancy  along  the  length  of  the  preform  and  to 
reduce  distortion  near  the  end  closure.  This  accomplishment  is 
important  in  that  it  would  permit  a  longer  part  with  reduced  wall 
thickness  to  be  pressed  with  more  reliable  dimensional  control. 

When  the  end  closure  was  reduced  in  thickness  to  0.090  inch 
in  an  effort  to  minimize  the  preform  weight,  cracking  developed  in 
the  blend  radius  between  the  interior  side  wall  and  the  thin  end 
cap.  This  problem  was  corrected  by  a  minor  tool  modification  to 
increase  the  blend  radius  tc  about  0.25  inch  (from  about  0.10 
inch) . 

A  series  of  three  simplified  but  full  scale  bearing  housing 
preform  shapes  (without  a  flange  but  otherwise  full  size)  were 
pressed  crack-free  using  the  refined  mold/mandrel  combination 
(Figure  9) .  All  were  vacuum  sintered  according  to  standard 
practice  (2250°F  for  2  hours)  and  HIPed  in  argon  using  a  standard 
commercial  cycle  of  1650°F  for  2  hours  at  15,000  psi  pressure. 

The  final  full  density  experimental  preforms,  each  weighing 
about  5.6  pounds,  still  displayed  some  tendency  for  the  end 
closure  to  deform  into  a  dome  shape  and  for  the  wall  to  flare 
2near  the  closed  end  (Figures  10  and  11) . 

An  additional  series  of  tooling  modifications  were  undertaken 
to  reduce  the  end  closure  distortion  and  wall  flaring  (Figure  10) . 
First,  the  elastomeric  layer  was  replaced  with  one  that  was 
thinner  and  of  higher  hardness.  With  this  change  the  end 
distortion  was  reduced,  as  shown  in  Figure  11. 
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Figure  9.  WEIGHT,  DENSITY  AND  DIMENSIONS  OF  THREE  (3)  DEVELOPMENTAL  BEARING 
HOUSING  PREFORMS  AFTER  CIP,  SINTER  AND  HIP. 


REFORMS  PRESSED  A: 
f-JD  HARDER  E L A S TOME 


In  successive  tooling  iterations,  the  elastomeric  liner  was 
replaced  with  a  harder,  less  compliant  acetate  liner  and  a 
slightly  enlarged  steel  end  cap.  As  shown  in  Figure  12,  these 
tooling  changes  virtually  eliminated  any  tendency  for  the  end 
closure  to  distort  or  the  side  wall  to  flare. 

These  tooling  developments  made  possible  the  manufacture  of  a 
thinner  walled  bearing  housing  preform  meeting  the  program's 
target  of  under  7%  pounds.  A  final  tooling  configuration  for 
pressing  the  final  bearing  housing  preform  was  built, 
incorporating  the  features  described  above. 

Using  the  optimized  tooling,  four  bearing  housing  preforms 
were  cold  isostatically  pressed  (CIPed)  at  55,000  psi  from  a  Ti- 
6A1-4V  alloy  blend  (designation  B-2151)  based  on  StCl  titanium 
powder.  The  preforms  were  vacuum  sintered  and  HIPed  using 
standard  processing  cycles  as  follows: 

-  Sintering  Cycle  -  2250°F  for  2%  hours 

-  HIP  Cycle  -  l650°F/2  hours/15,000  psi 

The  preform  configuration  with  pressed,  sintered  and  HIPed 
dimensions  of  the  four  preforms  are  shown  in  Figure  13.  Also 
included  in  Figure  13  are  preform  weights  and  densities  after 
sintering  and  HIPing.  All  four  preforms  met  the  target  weight  of 
7%  pounds  with  actual  weights  of  approximately  7  to  pounds 
(3232  grams  to  3302  grams). 

Sintered  density  in  all  cases  exceeded  94.5%  of  theoretical 
density  indicating  that  the  preforms  had  achieved  closed  porosity 
and  would  reach  virtual  full  100%  density  after  HIPing.  The  four 
preforms  displayed  highly  consistent  and  reproducible  dimensions 
with  differences  in  initial  dimensions  after  sintering  amounting 
to  less  than  ±  0.5%. 

HIPed  density  in  all  cases  (Figure  13)  exceeded  99.6%  of 
theoretical  wrought  product  density.  This  is  considered  full 
density  for  Ti-6A1-4V  powder  based  alloys  using  standard  chloride 
(StCl)  commercially  pure  titanium  powder,  because  of  the 
relatively  low  density  of  any  included  chloride  contaminant 
particles  (absent  in  wrought  titanium  alloys) . 

Consistent  with  the  results  after  sintering,  the  four  HIPed 
preforms  displayed  highly  consistent  and  reproducible  dimensions 
with  very  little  distortion  (Figure  13) .  Dimensional  variations 
after  HIPing  are  in  a  range  of  about  2%  (±  1%)  compared  to  the  1% 
(±0.5%)  variation  in  dimensions  measured  after  sintering. 
Considering  the  size  and  complexity  of  the  preform  shape,  this 
level  of  variation  is  considered  near  optimum. 

The  thickness  of  the  end  closure  (dimension  "J"  in  Figure  13) 
was  intentionally  varied  from  0.073  inch  (preforms  A  and  C  as 
pressed)  to  0.092  inch  (preform  B  as  pressed)  to  see  if  this 
difference  would  affect  dimensional  control  and  distortion.  The 
thinner  end  closure  did  not  seem  to  measurably  degrade  the 
dimensional  control  or  increase  the  distortion. 
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PREFORMS  PRESSED  WITH  FURTHER  TOOLING  MODIFICATIONS 
INCLUDING  THE  REPLACEMENT  OF  THE  ELASTOMERIC  LINER 
WITH  AN  ACETATE  LINER.  NOTE  THAT  BOTH  END  CLOSURE 
DISTORTION  AND  SIDE  WALL  FLARING  HAVE  BEEN  VIRTUALLY 
EL IMINATED - 
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Figure  13.  FINAL  TASK  II  BEARING  HOUSING  PREFORM  DESIGN  WITH  WEIGHT,  DENSITY 
AND  DIMENSIONS  OF  FOUR  PREFORMS  AFTER  CIP,  SINTER  AND  HIP. 
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Tensile  test  results  of  witness  bars  manufactured  from  the 
same  alloy  blend  as  the  preforms  (designation  B-2151)  and 
processed  with  the  four  preforms  are  shown  in  Table  II.  The 
tensile  properties  met  Dynamet's  typical  properties  for  CHIP 
processed  Ti-6A1-4V  Stci  alloy. 


TABLE  II 

TENSILE  PROPERTIES  OF  Ti-6A1-4V  WITNESS  BARS 


Specimen 

No. 

Ultimate 

Tensile 

Strength 

(osi) 

Yield 

Strength 

(DSi) 

Percent 

Elonaation 

Percent 
Reduction 
in  area 

1 

123,100 

107,700 

8.9 

15.9 

2 

122,800 

110,000 

6.8 

18.7 

ASTM  B-817 

(typical 

properties) 

123,000 

108,000 

8 

14 

The  second  pressing  approach  described  earlier  (Figure  6)  , 
based  on  the  idea  of  applying  pressure  from  inside  the 
elastomeric  mold,  was  also  evaluated.  The  major  problem 
encountered  in  the  experimental  pressings  was  the  development  of 
a  concave  or  barrel  shape  on  the  inside  surface.  Tooling 
variations  were  tried  in  the  effort  to  minimize  the  distortion. 
It  was  concluded  that  a  tooling  design  using  a  rigid  inner  tube 
with  a  perforated  wall  to  allow  pressure  transmission  to  an 
inside  elastomeric  liner  (rather  than  a  completely  elastomeric 
inner  tube)  was  more  effective  in  controlling  the  barreling. 

Based  on  the  preliminary  developmental  work  with  small 
shapes,  tooling  was  designed  and  built  for  pressing  two  simple, 
thin-walled  geometric  shapes:  a  flanged  cup  with  end  closure  as 
shown  in  Figure  14  and  a  flanged  tubular  shape  as  shown  in  Figure 
15.  A  single  preform  of  each  shape  was  CIPed,  sintered  and  HIPed 
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PREFORM  (B) 

DIMENSIONS 

- 

PRESSED 

SINTERED 

HIPED 

A  DIA. 

2.561 

2.472—2.485 

2.438—2.457 

B  DIA. 

2.332 

2.233—2.245 

2.202—2.224 

C  DIA. 

2.220 

2.148—2.157 

2.146 

D 

0.63 

0.604 

0.604 

E  DIA. 

2.380 

2.286—2.290 

2.255 

F 

2.510 

2.420 

2.387 

G 

2.345 

2.252 

2.180 

H 

0.580 

0.562 

0.550 

I  DIA. 

2.405 

2.320—2.326 

2.283—2.293 

WEIGHT:  136  gms  DENSITY: 96. 15%  DENSITY: 99. 87% 


re  14.  CONFIGURATION,  WEIGHT,  DENSITY  AND  DIMENSIONS  OF  AN 
EXPERIMENTAL  CLOSED-END  CUP  PRESSED  USING  PRESSURE 
APPLIED  FROM  INSIDE  THE  MOLD. 
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PREFORM  (A) 
DIMENSIONS 

A  DIA. 

B  DIA. 


.  -  ...  - 

SINTERED 

HIPED  ! 

2.432—2.450 

1.971—1.990 

1.951—1.975 

0.195 

0.145 

2.270—2.283 

2.235—2.261 

2.874—2.876 

2.837 

1.385 

1.340 

0.552 

— 

0.543 

PRESSED 

2.556 

2.195 


2.085 


0.23 


3.011 


1.410 


.583 


WEIGHT:  193  gms  DENSITY : 95 . 96% i DENSITY : 99 . 61% 


re  15.  CONFIGURATION,  WEIGHT,  DENSITY  AND  DIMENSIONS 

flanged  tubular  shape  pressed  with  pressure  a ?1U1I_ 

FROM  INSIDE  THE  MOLD. 
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using  the  same  standard  processing  described  earlier.  In  both 
cases  pressing  was  accomplished  with  no  cracking  and  no  apparent 
barreling.  Sintered  and  HIPed  dimensions  were  uniform 
diametrically  and  along  the  length  of  the  preforms  with 
variations  in  the  final  HIPed  preforms  falling  within  a  range  of 
less  than  2%.  As  expected  dimensional  variations  were  slightly 
greater  in  the  open  ended  tubular  shape  but  the  differences  were 
well  within  the  2%  range. 

Both  experimental  preforms  achieved  full  density  and  the 
effort  to  incorporate  geometric  features  into  the  inside  walls 
was  successful.  The  latter  achievement  demonstrates  that  P/M 
isostatic  pressing  technology  can  also  provide  internal 
dimensional  control  of  thin-walled,  fully  dense,  distortion-free 
preform  shapes  not  possible  by  other  fabricating  routes  including 
other  P/M  methods,  casting  and  forging.  The  inside-out  pressing 
method  has  been  refined  as  a  result  of  this  program  and  could  be 
effectively  used  for  future  manufacturing  of  military  component 
preforms. 


25 


OPTIMIZATION  OP  CHLORIDE  IMPURITY  LEVEL 


This  task,  which  comprises  a  major  focus  of  the  Phase  II 
program,  addressed  the  optimization  of  the  chloride  impurity 
level  in  P/M  Ti-6A1-4V  alloys. 

In  Phase  I  a  comparison  was  made  between  titanium  powder 
with  the  standard  level  of  chloride  contaminant  (about  1500  ppm, 
designated  StCl)  and  titanium  powder  with  an  extra  low  level  of 
chloride  contaminant  (less  than  10  ppm,  designated  ELC1) .  While 
proving  the  feasibility  of  the  process  at  both  levels,  Phase  I 
demonstrated  that  the  chloride  impurity  level  has  a  significant 
effect  on  mechanical  properties,  particularly  fatigue,  with  im¬ 
proved  properties  resulting  with  reduced  chloride  level.  The 
trade-off  is  increased  cost.  In  order  to  most  efficiently  select 
the  proper  chloride  level  for  specific  applications,  a  predictive 
model  is  needed. 

To  develop  this  predictive  model,  Dynamet  conducted  a 
statistically  designed  experiment  to  quantify  the  relationship  of 
chloride  level  and  trace  element  variables  with  critical 
mechanical  properties.  To  adequately  cover  the  full  range  of 
chloride  levels  (and  alloy  costs)  the  seven  (7)  specific  design 
points,  shown  in  Tab^e  III,  were  tested. 


TABLE  III 

COMPOSITIONS  OF  Ti-6A1-4V  ALLOY  BLENDS 
OF  THE  EXPERIMENTAL  DESIGN 

Alloy 


i  Point 

ELC1 

content 

StCl 

content 

Cl  content 
taraet 

Blend 

Designation 

1 

100% 

0% 

<10  ppm 

ELC1 

2 

80% 

20% 

300 

LCl-80 

3 

60% 

40% 

600 

LCl-60 

4 

50% 

50% 

750 

LCl-50 

5 

40% 

60% 

900 

LCl-40 

6 

20% 

80% 

1200 

LCl-20 

7 

0% 

100% 

1500 

StCl 

Processing  Studies 

The  seven  (7)  alloy  blends  corresponding  to  the  design  point 
compositions  of  Table  III  were  prepared.  Each  of  the  blends 
weighed  six  pounds,  the  amount  of  alloy  powder  needed  to 
fabricate  all  of  the  test  samples  of  the  experimental  design. 
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Starting  materials  were  selected  from  standard  powder  lots 
from  Dynamet's  commercial  suppliers  and  included  powders  of  StCl 
titanium  (lot  designation  R-1803) ,  ELC1  titanium  (lot  designation 
R-1596)  and  master  alloy  powder  of  nominal  60A1-40V  composition 
(lot  designation  R-1871) .  The  chemical  compositions  and  particle 
size  distributions  of  the  starting  powders  are  shown  in  Table  IV. 


TABLE  IV 

CHEMICAL  COMPOSITION  AND  PARTICLE  SIZE  DISTRIBUTION 
OF  STARTING  POWDER  MATERIALS  FOR 
EXPERIMENTAL  ALLOY  BLENDS 


StCl  Titanium 

Lot  R-1803 

ELCl  Titanium 
Lot  R-1596 

60A1-40V  Master 
Allov  R— 187 

Element 

Chemical 

ComDosition 

Ill 

Oxygen 

0.08 

0.19 

0.07 

Nitrogen 

0.01 

0.03 

0.005 

Hydrogen 

— 

0.04 

0.004 

Carbon 

0.01 

0.01 

0.04 

Chloride 

0.18 

0.0007 

— 

Iron 

0.01 

0.14 

0.20 

Silicon 

— 

— 

0.262 

Aluminum 

— 

— 

57.06 

Vanadium 

— 

— 

42.28 

Molybdenum 

— 

— 

0.028 

Total  Other 

— 

— 

<0.040 

Mesh  Size 

Particle 

Size  Distribution 

%  Finer  Than 

60 

100 

80 

— 

97 

— 

100 

100 

76.6 

— 

200 

30 

38.2 

— 

270 

— 

— 

100 

325 

11 

12.3 

— 

Based  on  Table  III,  chloride  levels  for  the  StCl  and  ELCl 
blends  of  Table  IV  should  be  1800  ppm  and  7  ppm,  respectively. 
The  lower  chloride  target  levels  of  Table  III  reflect  the  expec¬ 
ted  15-20%  partial  removal  of  chloride  which  occurs  in  the  vacuum 
sintering  step. 
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The  ELC1  and  StCl  titanium  powder  mixtures  of  Table  III  were 
blended  in  a  V-blender  for  1  hour.  The  blended  powders  were  then 
fabricated  into  test  bars  by  cold  isostatic  pressing  (CIP)  at 
55,000  psi  in  the  appropriately  shaped  elastomeric  tooling.  The 
CIP  cycle  time  is  several  minutes  and  depends  on  the  press 
design,  but  the  dwell  at  the  maximum  pressure  is  specified  at  20 
seconds  minimum.  Two  test  bar  shapes  were  made;  Dynamet's 
standard  5/8  inch  diameter  by  5  inch  long  test  bar  to  be  used  for 
tensile  and  fatigue  test  specimens  and  rectangular  bars  l  inch  x 
1  inch  x  2\  inches  long  for  fracture  toughness  test  samples. 

The  CIPed  test  bars  were  vacuum  sintered  (10"5  Torr  vacuum 
pressure) .  Sintering  was  for  2%  hours  at  2250°F  followed  by 
furnace  cooling  in  vacuum.  Density  measurements  were  made  on  all 
sintered  test  bars  with  the  results  shown  in  appended  Table  B-l. 

The  sintered  densities  exceed  97%  of  theoretical  in  the 
blends  with  high  chloride  content  and  decrease  to  about  96%  of 
theoretical  density  in  the  ELC1  blend.  This  difference  in 
densif ication  is  attributed  principally  to  the  differences  in 
particle  size  distribution  between  the  StCl  and  ELC1  powder  (see 
Table  IV)  and  perhaps  also  due  to  chemical  differences.  The 
greater  specific  surface  area  of  the  finer  StCl  powders  provides 
the  increased  thermodynamic  driving  force  for  densif ication.  It 
is  also  postulated  that  the  chloride  in  StCl  powder  promotes 
diffusion  (and  densif ication)  by  removing  inhibiting  surface 
films,  while  the  extra  oxygen  of  ELC1  powder  may  have  the 
opposite  effect  by  reducing  diffusion  rates. 

The  next  processing  step  was  to  HIP  the  test  bars  to  full 
(100%  of  theoretical)  density.  There  are  two  commercial  HIP 
cycles  used  for  titanium  alloys,  and  it  was  a  goal  of  this  pro¬ 
gram  to  determine  which  of  the  two  provides  the  better  perfor¬ 
mance.  The  alternative  commercial  HIP  cycles  are  as  follows: 

1.  1650°F  for  2  hours  in  argon  at  15,000  psi 

2.  2165°F  for  4  hours  in  argon  at  25,000  psi 

Both  cycles  are  followed  by  (slow),  furnace  cooling  to  produce 
fully  annealed  microstructures. 

Clearly,  the  first  cycle  is  preferred  based  on  economic 
considerations  providing  that  there  is  no  substantial  performance 
advantage  to  the  higher  temperature,  longer  time  second  cycle. 

In  order  to  choose  between  the  alternative  cycles,  two  sets 
of  test  bars  from  each  of  the  seven  blends  were  HIPed,  one  set 
processed  through  each  of  the  two  cycles.  These  test  bars  were 
evaluated  by  density  measurements  and  tensile  testing  with  the 
results  comparing  the  two  HIP  cycles  plotted  in  Figures  16,  17 
and  18  (the  data  are  tabulated  in  Appendix  B)  .  In  addition,  a 
sample  of  each  alloy  was  taken  from  a  HIPed  test  bar  for  chemical 
analysis.  The  results  are  shown  in  Table  V  and  the  chloride  and 
oxygen  levels  plotted  against  the  %  ELC1  titanium  in  the  initial 
alloy  powder  blend  shown  in  Figure  19. 
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density  (g/cc) 


DENSITY  VS.  CHLORIDE,  HIP  CYCLE  COMPARE 


Figure  17.  HIP  CYCLE  COMPARISON,  ULTIMATE  TENSILE  AND  YIELD  STRENGTH  AT  ALL  CHLORIDE  LEVELS 
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F i gure 


TABLE  V 
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ELCl  1995  5.89  4.10  0.31  0.02  0.02  0.0119  0.0200  0.2492  <.01  <.0050 
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CHLORIDE  &  OXYGEN  LEVELS  OF  EXPERIMENTAL  BLENDS. 


In  Figure  16  the  densities  for  the  two  HIP  cycles,  reported 
as  percent  theoretical  density,  are  compared.  As  expected  the 
density  increases  with  the  %ELCl  titanium  in  the  alloy  blend, 
primarily  as  a  result  of  a  reduction  in  chloride  content  (Figure 
19)  and  the  reduction  in  the  concentration  of  lower  density 
chloride  inclusions  (the  densities  of  the  sodium  and  titanium 
chloride  compounds  most  likely  to  be  present  have  densities  below 
3g/cc  compared  to  4.43g/cc  for  the  Ti-6A1-4V  alloy).  Most 
importantly,  both  HIP  cycles  result  in  virtual  full  density  with 
no  apparent  difference  due  to  the  differences  in  the  HIP 
temperature,  pressure  and  time. 

The  comparisons  of  tensile  properties  in  Figures  17  and  18 
also  indicate  an  improvement  in  both  strength  and  ductility  with 
the  increase  in  the  %ELC1  titanium  in  the  blend.  This  is  consis¬ 
tent  with  the  increase  in  density  (and  reduction  in  chloride 
inclusions)  with  %  ELCl  titanium  described  earlier  (Figure  16) . 
However,  the  increase  in  strength  properties  is  more  strongly 
related  to  the  increase  in  oxygen  content  associated  with  the 
higher  %ELCl  titanium  in  the  blend  (Figure  19) .  Oxygen  is  a  very 
effective  interstitial  strengthener  of  titanium  while  it  tends  to 
lower  ductility.  The  fact  that  the  ductility  seems  to  be 
relatively  insensitive  to  the  increases  in  %ELC1  titanium  until 
the  blend  contains  nearly  100%  ELCl  titanium  could  be  a  result  of 
the  opposing  effects  of  increased  oxygen  and  reduced  chloride 
(Figure  19)  canceling  each  other  out  until  the  ductility  limiting 
chloride  inclusions  have  been  virtually  eliminated. 

Metallographic  samples  were  prepared  from  the  HIPed  test 
bars.  Selected  as-HIPed  microstructures  for  the  1650 °F  and  2165°F 
cycles  are  shown  in  the  sets  of  photomicrographs  of  Figures  20  and 
21.  Both  HIP  cycles  resulted  in  the  expected  phase  distribution  of 
acicular  alpha  with  intergranular  beta.  For  each  HIP  cycle  the 
average  grain  size  increased  with  increasing  %ELC1.  This  is 
attributed  to  the  reduction  in  the  number  of  chloride  inclusions 
(dark  particles  in  the  raicrostructures) ,  which  form  barriers  to 
grain  growth.  The  other  significant  chemical  difference,  the 
increase  in  oxygen  content  with  increasing  %ELC1  is  not  expected 
to  have  a  comparable  effect  on  grain  growth,  since  the  oxygen  is 
in  solid  solution.  The  increase  in  grain  size  with  increasing 
%ELC1  also  may  be  related,  in  part,  to  the  larger  starting 
particle  size  of  ELCl  powder  (see  Table  IV)  .  At  fixed  %ELC1  the 
grain  size  was  always  larger  when  HIPing  was  done  with  the  2165°F 
cycle,  consistent  with  the  effect  of  higher  temperature  (and 
longer  time  at  temperature)  on  grain  size. 

The  comparison  of  the  alternative  HIP  cycles  in  Figures  16,  17 
and  18  indicates  no  clear  advantage  related  to  the  HIP  processing 
conditions.  The  yield  and  ultimate  strengths  are  virtually 
identical  with  the  higher  temperature  HIP  cycle  showing  a  slight 
advantage  on  average  of  about  2000  psi  in  the  yield  strength 
(Figure  17) .  On  the  other  hand,  the  tensile  ductility 
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is  slightly  but  consistently  higher  when  HIPing  was  done  by  the 
1650°F  cycle.  This  is  consistent  with  the  smaller  grain  size  of 
material  HIPed  at  the  lower  temperature  and  below  the  alpha  beta 
transformation  temperature.  With  all  other  factors  (density, 
chemical  composition  and  microstructure)  the  same,  finer  grained 
material  should  have  higher  ductility. 

Based  on  the  test  results,  there  is  no  clear  advantage  in 
using  one  HIP  cycle  rather  than  the  other.  However,  based  on  the 
slight  improvement  in  ductility,  the  similarity  of  the  density  and 
strength  properties  and  lower  cost,  the  1650°F  HIP  cycle  was 
selected  for  manufacturing  of  test  bars  for  mechanical  testing  and 
statistical  analysis. 

All  remaining  test  bars  were  HIPed  using  the  1650°F,  2  hrs. , 
15  ksi  cycle.  Measurements  of  density  were  made  and  are  shown  in 
appended  Table  B-l,  while  mean  sintered  density  values  and 
corresponding  standard  deviations  for  each  blend  and  sample 
geometry  are  listed  in  Table  VI.  The  HIPed  densities  increase  with 
increasing  %ELC1  in  the  same  way  as  the  samples  of  the  experimental 
HIP  comparisons  (see  Figure  16)  .  As  discussed  earlier,  this 
dependence  of  density  on  chloride  content  is  related  to  the  lower 
concentration  of  low  density  chloride  inclusions  with  increased 
%ELC1 . 


All  of  the  HIPed  cylindrical  and  rectangular  test  bars  from 
each  blend  were  given  a  strengthening  heat  treatment.  The  heat 
treatment  consisted  of  solution  annealing  at  1750°F  for  one  hour, 
followed  by  water  quenching  and  ageing  at  1050 °F  for  four  hours. 
Metallographic  samples  were  also  prepared  from  selected  heat 
treated  test  bars. 

Photomicrographs  of  the  heat  treated  samples,  which  are  shown 
in  Figure  22,  displayed  the  same  dependence  of  grain  size  on  %ELC1 
with  a  grain  size  at  each  %ELC1  intermediate  between  the  two 
corresponding  as-HIPed  microstructures  and  consistent  with  the 
intermediate  1750°F  heat  treating  (solution  annealing)  temp¬ 
erature.  However,  the  phase  composition  of  the  heat  treated 
microstructures  consisted  of  a  matrix  of  acicular  alpha  and 
transformed  beta  with  fine  alpha  needies  precipitated  from  the  beta 
during  ageing.  These  microstructural  features  are  typical  of  Ti- 
6A1-4V  in  the  solution  annealed,  water  quenched  and  aged  con¬ 
dition.  The  fine  scale  distribution  of  precipitates  is  responsible 
for  the  higher  strength  to  the  alloy  relative  to  the  strength  of 
the  material  as-CHIP*d. 

The  heat  treated  test  bars  were  low  stress  machined  into  test 
specimens  for  tensile,  fatigue  and  fracture  toughness  testing.  The 
specimen  for  the  tensile  and  fatigue  tests,  which  is  shown  in 
Figure  23,  consisted  of  a  0.750  inch  gage  length  of  0.200  inch 
diameter  with  threaded  shoulders  for  gripping.  For  fracture 
toughness  testing  a  sub-size  Charpy  impact  specimen  was  used  with  a 
60°  notch  of  1-mm  depth,  as  shown  in  Figure  24.  This  specimen  was 
tested  in  4-point  bending  in  the  configuration  shown  in  Figure  25. 
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MEAN  DENSITY  VALUES  AND  STANDARD  DEVIATIONS 
OF  SINTERED  TEST  BARS  OF  SEVEN  ALLOY  BLENDS 
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100  pm 


Figure  20. 


MICROSTRUCTURES  OF  AS  HlPed  SAMPLES  FROM 
HOUR/15,000  PS  I  CYCLE.  sISpleTiScluSe^cI?  |tCI 
(b)  LC 1 -50  AND  (c)  ELCI  MATERIAL  ' 


100  fim 


(b)  LC I -50 


Figure  22 


w!?2°?J?n?IU?ES  °F  HEAT  TREATED  SAMPLES  (HIPed 
WITH  1650  F/2  HOUR/15,000  PSI  CYCLE).  SAMPLES 

(b)  LC I -50  AND  (c)  ELCI  MATERIAL 


INCLUDE  (a)  StCI 


GEOMETRY  OF  TEST  SPECIMEN  FOR  TENSILE  AND  FATIGUE  TESTING. 
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FOUR-POINT  BEND  TEST  CONFIGURATION  FOR  FRACTURE  TOUGHNESS  TESTING  OF  SPECIMEN 
OF  FIGURE  24. 


Testing  consisted  of  measurements  of  density  (Table  B-l) , 
Rockwell  C  hardness  (Table  B-2),  tensile  properties  (B-3) , 
fracture  toughness  (Table  B-4)  and  fatigue  properties  (Table  B-5) . 

These  data  were  analyzed  with  respect  to  their  dependence  on 
the  measured  chloride  and  oxygen  content2  of  the  fully  processed 
alloys  (Table  V  and  Figure  19) .  The  density,  hardness  and  tensile 
data  were  also  analyzed  with  respect  to  processing  conditions 
comparing  results  after  the  low  temperature  HIP  cycle,  the  high 
temperature  HIP  cycle  and,  excluding  the  density  data,  after  heat 
treatment  of  samples  HIPed  by  the  lower  temperature  cycle. 
Fracture  toughness  and  fatigue  test  data  were  analyzed  only  in  the 
HIPed  plus  heat  treated  process  condition.  The  analyses  were 
mainly  performed  by  plotting  and  curve  fitting  of  the  plots. 

For  analysis  with  Cl-content  all  7  of  the  alloy  blends  were 
used,  whereas  with  O-content  6  of  the  7  alloys  were  used.  Data 
for  the  ELC1  material,  the  alloy  with  the  highest  expected  0- 
content,  was  not  used,  because  the  measured  oxygen  concentration 
was  about  the  same  as  for  the  LC1-80  alloy  and,  as  a  result,  the 
plots  of  properties  which  included  the  value  for  ELCl  material 
would  have  two  property  values  corresponding  to  the  same 
(approximate)  level  of  oxygen. 

Details  of  the  various  analyses  are  described  in  the 
following  sections. 

Density  Measurements 


The  average  density  was  investigated  for  samples  of  both 
cylindrical  and  rectangular  shapes  and  for  both  sintered  and 
HIPed3  process  conditions.  Plots  of  average  density  vs.  Cl- 
content  and  O-'content  are  presented  in  Figures  26-29  with  the 
corresponding  fitting  equations  as  follows: 


Avg.  Density 
Cylinders 


Y  =  4 . 45-0. 00002 14 *X  HIPed 
X  =  Cl  ppm 

Y  =  4 . 40+0 . 0000178 *X 
X  =  0  ppm 


Y  =  4 . 26+0 . 000064 1*X  Sintered 
X  =  Cl  ppm 

Y  =  4 . 40-0 . 00004 57 *X 
X  =  0  ppm 


2  It  should  be  noted  that  the  chloride  and  oxygen  are  interrelated 
by  virtue  of  the  fact  that  the  starting  titanium  powder  with  the 
higher  chloride  level  (StCl)  has  a  lower  oxygen  content  than  ELCl 
titanium. 

3  HIPed  data  were  for  the  1650°F/2  hours/ 15, 000  psi  HIP  cycle. 
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Avg.  Density 
Rectangles 


Y  =  4 . 27+0 . 000059 l*X  Sintered 
X  *  Cl  ppm 

Y  =  4.38-0. 00003 66 *X 
X  *  0  ppm 

Y  =  4 . 44-0 . 0000 18 4 *X  HIPed 
X  =  Cl  ppm 

Y  =  4 . 41+0 . 00001 14 *X 
X  =  0  ppm 
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DIFFERENT  CONDITIONS. 


AVERAGE  DENSITY  OF  CYLINDERS  VS.  O-CONTENT  FOR  6  ALLOYS  AT  2  DIFFERENT 
COND I T I ONS . 
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AVERAGE  DENSITY  OF  RECTANGLES  VS.  C I -CONTENT  FOR  7  ALLOYS  AT  2  DIFFERENT 
CONDITIONS. 


The  plots  show  that  with  increasing  Cl-content  average 
density  for  cylinders  increases  for  sintered  specimens  and 
decreases  for  HIPed  specimens  (Figure  26) ,  and  with  O-content 
these  trends  are  reversed  (Figure  27)  .  For  rectangles  the  same 
trends  apply  (Figures  28  and  29) . 

The  detailed  statistical  difference  analysis  of  the  seven 
alloys  offered  some  insight  into  the  significance  of  the  effect 
of  various  parameters  on  density.  The  following  comparisons  were 
made : 


Cylinders,  Sintered  vs.  HIPed 
Rectangles,  Sintered  vs.  HIPed 
Cylinders  vs.  Rectangles,  Sintered 
Cylinders  vs.  Rectangles,  HIPed 

Alloys  compared,  Sintered  (Cylinders  and  Rectangles) 
Alloy  Compared,  HIPed  (Cylinders  and  Rectangles) 

These  analyses  confirmed  the  already  we 11 -documented 
conclusion  that  there  is  a  statistically  significant  difference 
between  the  averages  of  both  cylinders  and  rectangles  in  the 
sintered  condition  and  those  in  the  HIPed  condition.  Although 
geometry  would  not  be  expected  to  have  a  significant  effect  on 
density,  the  initial  statistical  analysis  was  not  clear. 

A  more  direct  statistical  approach  was  suggested.  An 
experimental  design  with  3  independent  variables  was  simulated 
using  the  available  data.  The  variables  were: 

XI  =  Process  Sintered  or  HIPed 
X2  =  Geometry  Cylinder  or  rectangle 
X3  =  Cl  ppm  200  or  540 

This  experimental  design  is  described  in  Table  VII. 

On  evaluating  this  design,  the  following  two  regression 
equations  were  obtained. 

For  the  Average: 

Y=4. 336+0. 0735*X1+0.00648*X3-0.0127*X1*X3 

For  the  Standard  Deviation: 

Y=0 . 00531-0 . 00253+X1+0. 00188*Xl*X2-0 . 00065*X1*X3  - 
0 . 00106*X2*X3+0 . 000593*X1*X2*X3 

A  comparison  of  calculated  and  actual  values  of  average 
density  and  standard  deviation  is  shown  in  Table  VIII. 

The  first  equation  indicates  that  the  most  important 
variable  is  the  process  (Xl=Sintered  or  HIP)  and  that  process-Cl- 
content  interaction  (X1*X3)  and  Cl-content  (X3)  are  also 
important.  To  get  the  highest  average  of  the  average  density, 
the  process  must  be:  HIP,  and  the  Cl-content  low. 
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TABLE  VII 


AVERAGE  DENSITY 
EXPERIMENTAL  DESIGN 


Design  Used: 

XI _ 

-1 

1 

-1 

1 

-1 

1 

-1 

1 


XI 


-1 

-l 

l 

1 


-l 

-1 

1 

1 


XI 

-l 

-l 

-l 

-l 

l 

l 

l 

l 


Designations: 

=1 _ Q 

Xl=Process  Sintered 
X2=Geometry  Cylinder 
X3=C1  ppm  200  370 


1 

HIP 

Rectangle 

540 


Results : 


XI 

X2 

X3 

Ave. 

-1 

-1 

-1 

4.27045 

1 

-1 

-1 

4.244827 

-1 

1 

-1 

4.27633 

1 

1 

-1 

4.44317 

-1 

-1 

1 

4.31092 

1 

-1 

1 

4.43517 

-1 

1 

1 

4.31250 

1 

1 

1 

4.43150 

0.00743 

0.00110 

0.00641 

0.00523 

0.01257 

0.00127 

0.00495 

0.00354 
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TABLE  VIII 


AVERAGE  DENSITY  AND  STANDARD  DEVIATION  COMPARING 
RESULTS  FROM  MEASUREMENTS  TO  CALCULATED  VALUES 
BASED  ON  EXPERIMENTAL  DESIGN 


A)  Averages 


Y=s4 . 336+0 . 0735*X1+O.  00648*X3-0. 0127*X1*X3 


Actual 

4.27045 

4.44827 

4.27633 

4.44317 

4.31092 

4.43517 

4.43150 


Calculated 

4.27332 

4.44572 

4.28628 

4.38740 

4.31168 

4.43328 

4.43328 


B)  Standard  Deviations 

Y=0 . 0053 1-0 . 00253  *Xl+0 . Q0188*Xl*X2-0 . 00065*X1*X3 
-0. 00106*X2*X3+0. 000593*X1*X2*X3 


Actual 

Calculated 

0.00743 

0.00742 

0.00110  . 

0.00108 

0.00641 

0.00696 

0.00523 

0.00578 

0.01257 

0.01202 

0.00127 

0.00072 

0.00495 

0.00496 

0.00354 

0.00354 

The  second  equation  indicates  that  the  standard  deviation 
(i.e.,  the  variability  of  the  average  density)  depends  mainly  on 
the  process  (XI)  and  that  all  variable  interactions  are 
important.  The  lowest  standard  deviation  is  obtained  when  the 
process  is  HIP;  the  Geometry,  Cylinder;  and  the  Cl-content,  540. 

From  these  equations,  geometry  is  shown  to  not  be  a  factor 
in  the  average  density  values  and  only  plays  a  minor  role  in  the 
standard  deviation. 
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BastoatU-fi  Hardnggg 


The  Rockwell  C  hardness  values  (Table  B-2)  plotted  against 
Cl-content  and  O-content  for  the  three  process  conditions  are 
shown  in  Figures  30  and  31,  respectively.  In  all  conditions,  the 
hardness  increases  with  decreased  Cl-content  and  increased  O- 
content.  Hardness  is  highest  in  the  HIPed  plus  heat  treated 
condition  and  lowest  in  samples  as-HIPed  at  the  lower  HIPing 
temperature  (1650°F) .  The  fitting  equations  for  the  plots  of 
Figures  30  and  31  are  as  follows: 


Pusearty 

Rockwell  C 
Hardness 


Equations 

Y  *  33 . 0-0 . 00236*X 
X  *  Cl  ppm 

Y  =  26.9+0. 00227*X 
X  =  O  ppm 

Y  =  35 . 2-0 . 003 19*X 
X  -  Cl  ppm 

Y  *  30. 1+0. 0013 7 *X 
X  -  O  ppm 

Y  =  41 . 8-0 . 00236*X 
X  =  Cl  ppm 

Y  =  29 . 6+0 . 00435+X 
X  =  O  ppm 


TensH^-Jprqperties 


Process  Condition 
1650°F,  2  hrs,  15,000  psi 


2165°F,  4  hrs,  25,000  psi 


HIPed  and  Heat  Treated 


The  room  temperature  tensile  properties  plotted  against  Cl- 
content  and  O-content  for  the  three  process  conditions  are  shown 
in  Figures  32  thru  39.  The  corresponding  equations  are  listed 
below: 


FITTING  EQUATIONS  OF  TENSILE  PROPERTIES 

Tensile  Fitting 

Property  Equation 

Y=146 . 0-0 . 153*X 
X=Cl  ppm 
Y=112 . 0+0 . 12 1*X 
X- 0  ppm 

Y=147 . 0-0 . 0165*X 
X=C1  ppm 
Y=lll . 0+0 . 0128*X 
X=0  ppm 

Y=171 . 0-0. 0306*X 
X=C1  ppm 
Y=112 . 0+0 . 0127*X 
X=0  ppm 


Ultimate  Tensile 
Strength 


Process 

Condition 

1650 ’F, 2hrs, 15, 000  psi 

2165°F, 4 hrs, 25, 000  psi 


HIPed  and  Heat  Treated 
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Figure  30.  ROCKWELL  C  HARDNESS  VS.  Cl -CONTENT  FOR  7  ALLOYS  AT  3  DIFFERENT  CONDITIONS 


(o«H )  ssaupjBH  O  iJdM^ooy 


Figure  31  .  ROCKWELL  C  HARDNESS  VS.  O-CONTENT  FOR  6  ALLOYS  AT  3  DIFFERENT  CONDITIONS 
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ULTIMATE  TENSILE  STRENGTH  VS.  C I -CONTENT  FOR  7  ALLOYS  AT  3  DIFFERENT  CONDITIONS. 
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ULTIMATE  TENSILE  STRENGTH  VS.  O-CONTENT  FOR  6  ALLOYS  AT  3  DIFFERENT  CONDITIONS. 
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2%  OFFSET  YIELD  STRENGTH  VS.  Cl -CONTENT  FOR  7  ALLOYS  AT  3  DIFFERENT  CONDITIONS 


Figure  25.  0.2%  OFFSET  YIELD  STRENGTH  VS.  O-CONTENT  FOR  6  ALLOYS  AT  3  DIFFERENT  CONDITIONS 


ELONGATION  VS.  C I -CONTENT  FOR  7  ALLOYS  AT  3  DIFFERENT  CONDITIONS 
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0-CONTENT  FOR  6  ALLOYS  AT  3  DIFFERENT  CONDITIONS. 
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%  REDUCTION  OF  AREA  VS.  C I -CONTENT  FOR  7  ALLOYS  AT  2  DIFFERENT  CONDITIONS 
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REDUCTION  OF  AREA  VS.  O-CONTENT  FOR  6  ALLOYS  AT  2  DIFFERENT  CONDITIONS 


0.2%  Offset  Yield  Y=132.0-0.0144*X  1650°F, 2hrs, 15, 000  psi 

Strength  X-Cl  ppm 

Y=105 . 0+0 . 0863*X 
X=0  ppm 

Y=135 . 0-0 . 0150*X  2165 °F, 4hrs, 25, 000  psi 

X=Cl  ppm 

Y=99 . 2+0 . 013 1*X 

X=0  ppm 

Y=162 . 0-0 . 0322*X  HIPed  and  Heat  Treated 

X=C1  ppm 

Y=80 . 7+0 . 03 10*X 

X=0  ppm 

%  Elongation  Y=10. 20-0. 00414*X  1650°F, 2hrs, 15, 000  psi 

X=C1  ppm 

Y— 7 . 93-0 . 0003 78 *X 
X=0  ppm 

Y=8 . 63-0 . 00418*X  2165°F, 4hrs, 25 , 000  psi 

X=C1  ppm 

Y=4.54+0.000602*X 
X=0  ppm 

Y=8 . 16-0 . 0GQ691*X  HIPed  and  Heat  treated 

X=C1  ppm 

Y=2 . 94-0. 000158*X 
X=0  ppm 

%  Reduction  of  Area  Y=25. 0-0. 0151*X  1650°F, 2hrs, 15, 000  psi 

X=C1  ppm 

Y=14 . 2-0 . 0001 15 *X 
X=0  ppm 

Y=17 . 7-0 . 007 69 *X  2165°F, 4hrs , 25 , 000  psi 

X=C1  ppm 

Y=10 . 1+0 . 00109*X 

X=0  ppm 

In  all  process  conditions  the  ultimate  tensile  strength  (UTS) 
increases  with  decreasing  Cl-content  (Figure  32)  and  increasing  O- 
content  (Figure  33) .  The  as-HIPed  specimens  display  nearly 
identical  values  irrespective  of  the  HIP  cycle,  and  the 
corresponding  fitting  equations  are  also  nearly  identical.  At  a 
given  Cl-content  or  O-content  the  highest  values  of  UTS  are  found 
in  material  in  the  HIPed  and  heat  treated  condition. 

The  yield  strength  measured  at  0.2%  offset  (YS)  increases 
with  decreasing  Cl-content  (Figure  34)  and  increasing  0-content 
(Figure  35)  in  a  manner  similar  to  the  UTS.  Again,  material  in 
the  HIPed  plus  heat  treated  condition  displays  the  highest  values 
followed  by  the  as-HIPed  samples  with  those  HIPed  at  2165°F  for  4 
hours  at  25,000  psi  pressure  having  higher  YS  than  those  HIPed 
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at  1650°F  for  2  hours  at  15,000  psi.  The  increase  in  VS  with 
increasing  0-content  is  much  steeper  in  the  HIPed  plus  heat 
treated  material  than  in  the  as-HIPed  material  for  which  the  plots 
for  the  two  different  cycles  are  nearly  parallel. 

The  elongation  decreases  with  increasing  Cl-content  (Figure 
36)  and  increases  slightly  with  increasing  0-content  (Figure  37) . 
The  highest  values  were  obtained  in  as-HIPed  samples  with  those 
HIPed  at  1650 °F  having  higher  values  than  those  HIPed  at  2165°F. 
HIPed  plus  heat  treated  material  had  the  lowest  elongation.  The 
reduction  of  area  was  only  analyzed  for  the  two  as-HIPed 
conditions,  since  data  for  the  HIPed  plus  heat  treated  material 
were  not  available.  As  with  elongation,  reduction  of  area 
decreases  with  increasing  Cl-content  (Figure  38) ,  with  the 
specimens  HIPed  at  1650°F  showing  higher  values  than  those  HIPed 
at  2165°F.  A  similar  trend  is  displayed  in  plotting  reduction  of 
area  against  O-content,  but  here  there  is  a  very  slight  increase 
with  increasing  O-content,  again  with  the  specimens  HIPed  at 
1650°F  showing  the  higher  values  (Figure  39) . 

Fracture  Toughness 

The  results  of  the  four-point  bend  tests  of  notched  test  bars 
(Table  B-4)  were  used  to  calculate  an  index  of  fracture  toughness, 
Kjq,  which  is  considered  a  good  estimate  of  the  plane-strain 
fracture  toughness,  Kjc  •  Kiq  is  given  by 

kIQ  =  °  ®ax  V*® 

where  a  max  is  the  fracture  stress  and  a  is  the  depth  of  the 
notch . 


Values  of  a  max  and  Kjq,  are  shown  in  Table  appended  B-4. 
The  dependence  of  fracture  toughness  on  the  Cl-content  and  O- 
content  of  material  in  the  HIPed  plus  heat  treated  condition  is 
shown  in  Figures  40  and  41,  respectively.  The  corresponding 
fitting  equations  are  as  follows: 

Fracture  Y  *  58 . 2-0. 0164 *X 

Toughness  X  =  Cl  ppm 

Y  =  46 . 9-0 . 000492*X 
X  =  0  ppm 


These  results  indicate  that  for  fracture  toughness  the  linear 
model  of  properties  is  not  valid  across  the  complete  range  of 
chloride  concentrations.  The  fracture  toughness  is  essentially 
constant  with  decreasing  Cl-content  to  the  300  ppm  level.  Below 
300  ppm  Cl,  Kjq  increases  with  a  dramatic  improvement  below  200 
ppm.  Similarly,  Kjq  is  nearly  constant  with  increasing  0-content 
up  to  the  2500  ppm  level. 
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Fatigue  Testing 


The  HIPed  and  heat  treated  cylindrical  test  bars  which  had 
been  low-stress  machined  into  standard  test  bars  were  fatigue 
tested  in  reversed  axial-axial  fatigue  (R  =  -1.0)  under  load 

control.  The  test  results  for  each  of  the  seven  test  blends  are 
shown  in  appended  Table  B-5  and  plotted  as  a  master  plot  of  stress 
vs.  life  (S-N)  in  Figure  42. 

The  test  results  show  the  expected  improvement  in  fatigue 
properties  of  material  with  reduced  levels  of  chloride  impurity. 
There  is  a  moderate  increase  in  fatigue  resistance  between  StCl 
and  LC1-80  with  the  endurance  limit,  Of,  increasing  from  about 
50,000  psi  with  the  StCl  (1000  ppm  chloride)  to  about  60,000  psi 
with  the  LC1-80  (200  ppm  chloride)  alloy  blend,  as  shown  in  Figure 
42.  As  in  the  case  of  the  fracture  toughness.  The  most  dramatic 
increase  in  fatigue  properties  occurs  between  LCl-80  and  ELCl  with 
the  latter  blend  displaying  a  Of  of  about  75,000  psi. 

The  endurance  limits  as  a  fraction  of  the  ultimate  tensile 
strength  (Of/gurs)  vs*  chloride  content  are  shown  in  Figure  43. 
This  plot  shows  a  much  lower  (Of/Curs)  ratio  for  the  heat  treated 
ELCl  material  than  for  the  as-HIPed  material,  indicating  that  the 
heat  treatment  is  not  as  effective  in  increasing  the  dynamic 
(fatigue)  properties  as  it  is  in  increasing  the  static  (tensile) 
properties. 

The  fatigue  test  results  for  each  of  the  seven  alloy  blends 
were  modeled  using  two  linear  regressions,  as  follows: 

(1)  LN  (N)  *  A  +  B*a 

(2)  LN (N)  =  C  +  D*LN(o) 

where : 

N  =  Fatigue  Life  (Cycles) 
a  =  Maximum  Stress  (ksi) 

LN  =  Natural  Logarithm 

Equations  for  each  design  point  were  obtained  by  transforming 
the  original  data  into  the  appropriate  logarithms,  plotting  these 
and  curve  fitting  the  plots.  Once  the  equations  were  derived, 
their  upper  and  lower  confidence  levels  were  calculated.  Also 
calculated  was  the  standard  error  of  estimate,  which  is  an 
indication  of  the  "goodness  of  fit";  i.e.,  how  well  the  calculated 
data  fit  the  original  data.  Table  IX  presents  the  derived  linear 
fitting  equations  together  with  their  standard  error  of  estimate. 
The  lower  the  latter  value,  the  better  the  "fit". 
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FRACTURE  TOUGHNESS  h.(IQ)  VS.  C I -CONTENT  FOR  7  ALLOYS. 


(Ol)X  ss«ui|6noj.  ojnp«j^ 


d) 

3 

CT) 

U_ 


67 


FRACTURE  TOUGHNESS  K ( I Q )  VS.  O-CONTENT  FOR  7  ALLOYS. 


STRESS  VS.  FATIGUE  LIFE,  HEAT  TREATED  SPECIMEN  RESULTS 


69 


ENDURANCE  LIMIT/UTS  VS.  CHLORIDE  CONTENT,  COMPARISON  OF  HEAT  TREATED  TO  HIPed 


Ohio 

^StOI  (1000)  +  840  ^6 
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IGUE  STRESS  VS.  LN  CYCLES  TO  FAILURE  FOR  7  ALLOYS  FROM  REGRESSION  EQUATIONS 
TABLE  IX. 


100 


%  1  pailBd  8UO1108JJ 
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Figure  45. 


TABLE  IX 


LINEAR  FITTING  EQUATIONS  FOR  FATIGUE  TEST 
RESULTS  FOR  SEVEN  ALLOY  BLENDS 

Standard  Error 
of  Estimate 

1)  LN  Fatigue  Life  Cycles  (N)  vs.  Stress  (ksi) 


stci 

LN  (N) 

39.3 

-  0 . 464*S 

0.03310 

LCl-20 

LN(N) 

= 

39.8 

-  0 . 482*S 

0.84346 

LCl-40 

LN  (N) 

= 

43.9 

-  0 . 511*S 

0.81134 

LCl-50 

LN  (N) 

s 

30.4 

-  0 . 282*S 

2.41773 

LC1-60 

LN  (N) 

s 

24.1 

-  0 . 191*S 

1.76713 

LCl-80 

LN  (N) 

= 

26.1 

-  0 . 198*S 

1.00922 

ELC1 

LN  (N) 

= 

28.6 

-  0 . 185*S 

0.77753 

[  Fatigue  Life 

Cycles 

(N)  vs.  LN  Stress  (ksi) 

stci 

LN  (N) 

= 

116.0 

-  25 . 4*LN (S) 

0.84535 

LCl-20 

LN  (N) 

= 

120.0 

-  26 . 7*LN (S) 

0.84366 

LCl-40 

LN  (N) 

= 

139.0 

-  30. 3*LN (S) 

0.85702 

LC1-50 

LN  (N) 

= 

87.4 

-  18 . 1*LN (S) 

2.32240 

LC1-60 

LN  (N) 

= 

62.4 

-  12 . 1*LN (S) 

1.63636 

LCl-80 

LN  (N) 

= 

72.1 

-  14 . 1*LN ( S) 

0.92100 

ELC1 

LN  (N) 

— 

80.7 

-  15 . 3*LN (S) 

0.76038 
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Figure  44  is  a  plot  of  o  versus  LN  N  (a  plot  of  LH  o  versus 
LN  N  shows  essentially  the  same  thing)  and  indicates  as  in  Figure 
42  that  the  fatigue  lives  of  StCl,  LC1-20  and  LC1-40  are  clustered 
with  only  a  slight  improvement  in  fatigue  properties  with  lower 
chloride  content.  Alloys  LC1-50,  LC1-60  and  LCl-80  form  a  second 
cluster  with  improved  fatigue  properties  compared  to  the  alloys 
with  higher  chloride.  The  highest  fatigue  lives,  as  expected,  are 
exhibited  by  the  ELC1  alloy. 

In  addition  to  the  regression  equations,  fractions  failed 
were  computed,  using  an  approach  outlined  by  Nelson4.  The 
fractions  failing  calculation  represents  cumulative  normal 
probabilities  computed  from  the  original  data,  as  follows: 

Cum.  Norm.  Prob.  of  [Y(I)  -  Y (AVE) ] /Y (STD) 


where : 


Y(I)  =  individual  data  point  in  the  data  set 
Y(AVE)  =  average  of  the  data  set 
Y (STD)  =  standard  deviation  of  the  data  set 

Tables  X  and  XI  show  the  results  of  the  fractions  failed 
calculation.  These  represent  cumulative  normal  probabilities 
computed  from  the  original  data.  These  two  tables  express  the 
dependence  of  fractions  failing  either  on  fatigue  life  or  on 
stress.  The  tables  should  either  be  used  together  or  with  the 
plot  of  the  regression  equations  in  Figure  44. 

The  fractions  failed  when  plotted  against  stress  shows  the 
percentage  of  specimens  that  will  fail  at  a  given  fatigue  stress 
level.  The  usefulness  of  the  fractions  failing  calculation  is 
illustrated  by  Figure  45  which  is  a  plot  of  the  fractions  failing 
vs.  Cl-content  at  a  fixed  stress  of  60  ksi.  Whereas  100%  of  StCl 
specimens  will  fail  at  60  ksi,  the  fractions  failing  decreases 
with  decreasing  Cl-content  and  at  the  ELC1  chloride  level,  0%  of 
the  specimens  will  fail. 


4  W.  Nelson,  Applied  Life  Data  Analysis,  Wiley,  1982,  p.  222. 
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TABLE  X 


StCl 


LC1-20 


LC1-40 


LC1-50 


LC1-60 


LC1-80 


ELC1 


FRACTIONS  FAILED  (%)  VS.  FATIGUE 


Fatigue  Life  (Cycles) 

10,037,617 

973,000 

97,100 


10,000,043 

287,300 

60,200 


10,000,043 

285,729 

60,200 


10,000,043 

96,700 

76,000 


10,000,043 

207,600 

45.500 

42.500 


3,327,394 

339,700 

82,396 

49,500 


3,076,213 

236,300 

210,801 


LIFE  (CYCLES) 


Fractions  Failed  % 

84.18 

49.13 

15.92 


87.12 

39.65 

19.04 


86.43 

40.02 

19.85 


87.57 

29.70 

26.74 


92.47 

47.00 

25.21 

24.37 


91.19 

55.57 

27.00 

18.94 


87.57 

29.48 

26.94 
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TABLE  XI 


FRACTIONS  FAILED  (%)  VS. 

STRESS  (KSI) 

* 

Stress  (ksi) 

Fractions  Failed  % 

stci 

60.0 

84.13 

55.0 

50.0 

50.0 

15.87 

LCl-20 

60.0 

84.13 

55.0 

50.00 

50.0 

15.87 

LC1-40 

65.0 

84.13 

60.0 

50.00 

55.0 

15.87 

LC1-50 

70.0 

86.24 

60.0 

41.36 

55.0 

19.14 

LCl-60 

75.0 

89.26 

65.0 

63.24 

55.0 

28.65 

50.0 

15.51 

LC1-80 

80.0 

90.62 

70.0 

55.82 

65.0 

33.03 

60.0 

15.28 

• 

ELC1 

90.0 

80.86 

85.0 

58.64 

75.0 

13.76 
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MANUFACTURE  AND  TEST  OF  OPTIMAL  BEARING  HOUSING 


The  results  of  the  statistical  analysis  were  used  as  the 
basis  for  selection  of  the  optimal  composition  for  the  bearing 
housing  application.  Selection  was  based  on  the  ability  of  the 
material  to  consistently  meet  required  properties  at  lowest  cost. 
The  Ti-6A1-4V  StCl  alloy  was  found  to  fulfill  this  criterion. 

A  CHIP  Ti-6Al-4V  StCl  preform  manufactured  according  to 
Figure  13  was  sent  to  Textron  Lycoming  for  heat  treatment  and 
subsequent  evaluation.  Prior  testing  of  witness  bars  manufactured 
with  the  preform  using  the  same  alloy  blend  indicated  high 
performance  material  as  shown  by  the  results  in  Table  II. 

The  bearing  housing  preform  was  solution  annealed  at  1750°F 
for  1  hour,  water  quenched,  and  aged  at  1050 °F  for  2  hours,  after 
which  it  was  air  cooled.  Metallography,  room  temperature  tensile 
tests  and  low-cycle  fatigue  tests  at  400°F  were  performed  on 
specimens  machined  from  the  heat  treated  preform. 

Metallographic  examination  revealed  a  microstructure  typical 
of  heat  treated  Ti-6A1-4V.  The  uniformity  of  chemistry  and  grain 
size  and  the  absence  of  porosity  are  evident  in  the 
photomicrograph  of  Figure  46.  The  structure  consists  of  acicular 
alpha  and  transformed  beta  with  fine  alpha  needles  precipitated 
from  the  beta  during  ageing.  This  is  the  same  microstructure  as 
the  heat  treated  test  bars  shown  in  Figure  22. 

Tensile  properties  were  also  consistent  with  the  test  results 
of  Task  III  (see  Figures  32-35)  .  Average  tensile  and  yield 
strengths  were  156  ksi  and  145  ksi,  respectively,  exceeding  the 
minimum  specified  values  of  AMS4998A.  However,  the  ductility  was 
not  as  high  as  expected. 

Low  cycle  fatigue  tests  were  conducted  at  400°F  under  strain 
control  with  a  fully  reversed  strain  amplitude  of  0.005.  Two 
specimens  machined  from  the  same  bearing  housing  preform  were 
tested  with  fatigue  lives  of  24,195  and  39,370  cycles.  These 
results  were  judged  by  Textron  Lycoming  to  be  more  than  adequate 
to  qualify  the  Ti-6A1-4V  StCl  P/M  preform  for  use  in  bearing 
housings  and  other  low  stress,  stationary  parts. 
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Figure  46.  HEAT  TREATED  MICROSTRUCTURE  REPRESENTING  StCI 
TI-6AI-4V  BEARING  HOUSING  EVALUATED  BY  TEXTRON 
LYCOMING. 
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APPLICATION  OP  PROCBS8  MODEL  TO  NEW  COMPONENT 


In  the  original  program  work  plan,  this  task  was  planned  as 
a  demonstration  of  the  broader  applicability  of  the  Dynamet 
process  to  other  government  flight  worthy  components.  A  second 
bearing  housing  for  the  T55  turbine  engine  was  tentatively 
identified  as  a  potential  demonstration  component  whose  shape 
would  lend  itself  to  the  Dynamet  CHIP  process  and  further 
demonstrate  the  cost  saving  benefits  of  the  process.  However, 
also  recognized  was  the  possibility  that  other  Army  components 
might  later  be  identified  which  would  better  serve  the  purpose  of 
the  program. 

Based  on  discussions  with  Army  personnel  from  the  Tank 
Automotive  Command  (TACOM)  and  the  Army  Research  Laboratory, 
Materials  Directorate  (ARL-MD) ,  an  alternative  candidate 
component  was  identified.  This  component  is  a  track  pin  used  in 
Army  tanks  (TACOM  P/N  12274418)  and  shown  in  Figure  47.  It  is 
considered  an  ideal  component  for  this  program,  because  it 
represents  a  powder  metal-appropriate  shape  for  fabrication  and 
would  permit  a  lightweight  replacement  for  the  steel  track  pins 
currently  in  use  which  would  have  important  benefits  for  the 
Army. 


Dynamet  Technology  originally  proposed  an  expanded  Task  V  in 
which  thirty  (30)  titanium  alloy  tank  track  pins  would  be 
manufactured  by  the  CHIP  process.  These  prototype  track  pins 
would  be  made  from  Ti-6A1-4V  StCl  and  Ti-6A1-4V  ELCl  materials  in 
as-HIPed  and  HIPed  plus  heat  treated  conditions  and  supplied  to 
the  Army  as  finished  track  pins  to  allow  for  full  evaluation. 
However,  funds  were  not  available  for  the  expanded  Task  V  and,  as 
a  result,  a  more  limited  work  plan,  consistent  with  the  scope  in 
the  original  proposal  Statement  of  Work,  was  proposed  and 
approved  by  ARL-MD. 

The  effort  consisted  of  the  design  of  a  tank  track  pin 
preform  and  the  manufacture  of  four  (4)  prototype  preforms 
according  to  the  materials  and  process  conditions  of  Table  XII. 


TABLE  XII 

TASK  V  PROTOTYPE  TANK  TRACK  PIN  P/M  PREFORM 


Alloy 

Material 

A.  Ti-6Al-4V  StCl 

B.  Ti-6Al-4V  StCl 

C.  Ti-6Al-4V  LC1-70 

D.  Ti-6Al-4V  ELCl 


Process 

Condition 

CHIP  &  Heat  Treated 
CHIP 

CHIP  &  Heat  Treated 
CHIP 


Number 
of  PINs 

1 

1 

1 

1 
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Figure  47.  DRAWING  OF  THE  TANK  TRACK  PIN  SELECTED  AS  A  POTENTIAL  COMPONENT  FOR  DEVELOPMENT. 


The  highest  (StCl)  and  lowest  (ELC1)  chloride  levels  comprise 
the  end  points  of  the  mechanical  performance/cost  spectrum  of  P/M 
Ti-6A1-4V  alloy.  The  intermediate  Cl  level  may  represent  the  most 
cost-effective  material,  since  it  provides  near-optimum  mechanical 
properties  at  a  significantly  reduced  raw  material  cost.  The  use 
of  the  ELCl-StCl  combination  blend  LCl-70  (70%ELCl/30%StCl  ratio) 
fulfills  a  major  objective  of  the  program,  namely,  the  manufacture 
of  a  part  from  an  optimum  blend  based  on  the  results  of  Task  III. 

For  this  preliminary  development  effort,  Dynamet  designed  the 
track  pin  preform  shown  in  Figure  48.  A  track  pin  made  from  this 
Ti-6A1-4V  preform  will  provide  a  significant  weight  reduction  to 
the  currently  used  steel  pins;  the  calculated  preform  weight  is  1\ 
pounds  with  the  final  machined  Ti-6A1-4V  part  weighing  slightly 
under  pounds.  This  compares  to  a  finished  steel  track  pin 
weight  of  about  l\  pounds,  resulting  in  a  projected  weight 
reduction  of  over  40%  by  the  material  substitution. 

The  necessary  CIP  tooling  for  pin  fabrication,  consisting  of 
a  steel  mandrel  and  an  elastomeric  mold,  was  designed  and 
manufactured.  Because  of  the  high  aspect  ratio  of  the  track  pin 
and  the  possibility  of  bending  (leading  to  part  distortion)  at  the 
high  CIP  pressure,  a  hardened  steel  was  selected  for  the  mandrel 
material.  Conventional  elastomeric  materials  were  selected  for 
the  mold. 

Because  of  the  high  aspect  ratio  of  the  P/M  preform  and  the 
possibilities  of  non-uniform  powder  fill  and  shrinkage,  further 
precautions  against  distortion  were  taken.  These  included  the  use 
of  specially  designed  fixturing  to  ensure  uniform  powder  fill  of 
the  mold  and  supports  to  hold  the  CIPed  preforms  rigid  during 
sintering.  No  additional  accessories  were  needed  for  HIPing  or 
heat  treating  since  most  of  the  distortion  would  likely  occur 
during  sintering,  because  the  largest  volume  shrinkage  occurs 
during  sintering. 

A  single  track  pin  preform  was  manufactured  according  to  each 
of  the  material  and  process  conditions  of  Table  XII.  Preforms 
were  fabricated  from  Ti-6A1-4V  StCl,  Ti-6A1-4V  ELCl,  and  the  Ti- 
6A1-4V  LCl-70.  Two  process  conditions  were  used;  as-CHIPed, 
representing  the  maximum  ductility,  and  a  heat  treated  condition 
(solution  annealed  at  1750°F,  water  quenched  and  aged  for  2  hours 
at  1050°F) ,  a  higher  strength  but  lower  ductility  condition. 

The  two  blends  containing  ELCl  material  utilized  titanium 
powder  from  a  pre-qualif ied  powder  lot.  The  ELCl  titanium, 
designated  R1596,  was  blended  with  60A1-40V  master  alloy  in 
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preparation  of  Ti-6A1-4V.  Representative  tensile  blanks 
(approximately  5  inch  diameter  x  5%  inch  long)  were  made  from  each 
blend,  CIPed  at  55  ksi  and  vacuum  sintered.  These  were  fully 
densified  using  a  standard  1650 °F  HIP  cycle  at  a  pressure  of  15 
ksi  for  2  hours,  and  two  were  selected  to  be  tested.  Results 
showed  the  materials  to  be  compositionally  uniform,  and  the 
measured  mechanical  properties,  shown  below,  confirmed  the 
material  to  be  acceptable,  qualifying  the  titanium  powder  for  use 
in  this  program. 


SamDle  No  . 

Ultimate 

Tensile 

Strength 

(Ksi) 

0.2% 

Offset 

Yield 

Strength 

(Ksi) 

(*)  Elonaation 

Reduction 
of  Area 

_lil_ 

1 

140,000 

123,000 

13.8 

42.2 

2 

142,000 

125,000 

17.9 

44.0 

All  parts  were  vacuum  sintered,  HIPed  and  heat  treated  using 
the  same  standard  cycles  developed  for  manufacturing  the  bearing 
housing  preforms.  Dimensional  measurements  of  the  pin  preforms 
were  measured  after  each  processing  step  and  are  recorded  in 
Figure  49. 

All  of  the  preforms  achieved  full  100%  density  (adjusted  for 
the  differences  in  chloride  level)  and  displayed  uniform 
dimensions  along  both  the  outside  and  inside  surfaces  and  from  end 
to  end.  The  flaring  of  the  ends  was  minimal,  particularly  for  a 
first  time  tool  design,  and  the  preforms  required  no  straightening 
prior  to  machining.  This  was  a  significant  manufacturing 
achievement  which  will  enhance  producibility  of  these  components 
in  a  production  mode. 

Preform  B  was  manufactured  with  the  lowest  amount  of  starting 
material,  less  than  6%  pounds  of  Ti-6A1-4V  StCl  powder.  The  high 
weight  of  preform  D  (8.6  pounds)  is  due  to  the  much  higher  tap 
density  of  ELC1  titanium  and  the  fact  that  only  a  single  set  of 
prototype  tooling  was  built  and  designed  to  accommodate  the  full 
range  of  tap  densities  which  results  across  the  StCl  to  ELC1 
titanium  grades. 

From  the  Preform  B  result,  it  is  anticipated  that  a  P/M 
titanium  alloy  track  pin  preform  manufactured  with  optimized 
tooling  could  eventually  achieve  a  weight  of  as  little  as  5% 
pounds,  for  whichever  titanium  grade  is  determined  to  be  optimal. 
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Track  pin  preforms  A  and  C  of  Table  XII  were  rough  machined 
and  heat  treated.  Pin  C  was  then  finish  machined  in  accordance 
with  the  applicable  requirements  (Figure  47)  ,  including 
requirements  for  surface  finish  and  shot  peening.  Figure  50 
shows  2  photographs  representing  (a)  finish  machined  Pin  C  and 
unfinished  Preform  A,  both  heat  treated,  alongside  as-HIPed 
Preforms  B  and  D  and  (b)  a  before-and-after  comparison  of  Preform 
B  to  finish  machined  Pin  C. 

Pin  C,  along  with  witness  bars  (5/8  inch  diameter  x  5  inch 
minimum  length)  representing  each  of  the  material/process 
combinations  identified  in  Table  XII  and  processed  along  with  the 
related  track  pins,  is  being  furnished  by  Dynamet  to  the  Army  for 
further  evaluation.  The  other  rough-machined  tank  track  pin  and 
two  preforms  along  with  test  bars  from  each  alloy  blend  and 
process  condition  are  also  being  retained  by  Dynamet  for  later 
evaluation. 
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5G  PHOTOGRAPHS  SHOWING  (i)  fiNISH-MACf  ’"NED  PIN  C  AND  ROUGH 

MACHiNED  PiN  A  (BOTH  f  'RAT  TREATED)  ALONGSIDE  C HIR'D  PREFORMS  B 
AND  D  AND  (b)  PREFORM  B  PRIOR  TO  MACHINING  AND  FINISH-MACHINED  PIN  C 


ECONOMIC  EVALUATION 


The  advantages  of  the  powder  metal  manufacturing  approach 
have  become  increasingly  apparent  with  the  progress  of  this 
program.  Refinement  of  the  CHIP  process  technology  and  the 
development  of  a  model  to  characterize  the  relationship  between 
chloride  impurity  level  and  mechanical  properties  are  the  best 
means  to  optimize  this  P/M  technology  to  meet  the  requirements  of 
a  particular  application.  The  translation  of  the  modeling  to  a 
cost-performance  relationship  indicates  the  economical 
practicality  of  applying  the  P/M  approach  to  an  expanded  range  of 
production  circumstances.  What  follows  are  the  economic 
considerations,  benefits  and  tradeoffs,  of  the  CHIP  fabrication 
of  components  based  on  the  Phase  II  work. 

The  cost  relationship  of  chloride  level  to  the  mechanical 
properties  is  simple  enough:  enhanced  properties  with  lower 
chloride  but  at  greater  expense.  The  relationship  of  properties 
to  chloride  is  not  linear  and,  generally,  improvement  can  be 
marginal  until  Cl  levels  are  reduced  by  over  60%.  Depending  on 
the  application  and  requirements,  the  increased  material  cost  may 
or  may  not  be  warranted. 

Figures  51  and  52  depict  fatigue  endurance  limit  stress  and 
fracture  toughness,  respectively,  as  a  function  of  chloride 
content,  as  well  as  raw  material  cost  (price  per  pound) . 
Expectedly,  properties  deteriorate  as  the  Cl  level  increases  but, 
plateau  or  bottom  out  when  the  chloride  content  is  at  a  400  ppm 
or  more  level.  This  implies  that  the  use  of  the  higher  priced 
material  is  usually  not  justified  except  in  cases  where 
requirements  for  performance  are  most  demanding.  However,  future 
developments  in  the  titanium  industry  are  expected  to  lead  to  the 
availability  of  higher  purity  titanium  powder,  with  Cl-content 
below  200  ppm,  at  significantly  lower  cost  than  ELC1  powder.  The 
results  of  this  program  will  be  useful  in  determining  if  the  cost 
reduction  will  be  sufficient  to  justify  the  use  of  this  improved 
performance  material. 

Based  on  economic  considerations  and  fatigue  test  results, 
StCl  Ti-6A1-4V  was  judged  the  optimal  material  for  the  bearing 
housing  application.  The  specific  bearing  housing  component 
studied  in  the  Phase  II  investigation  is  currently  manufactured 
as  a  forging  and  finish  machined  to  final  configuration.  The 
forging  is  produced  as  a  16  pound  ring  forging  which  must  then  be 
finish  machined  to  the  final  dimensions  of  the  housing.  The  P/M 
prototype  preform  produced  in  this  program  had  target  shape  and 
configuration  and  a  weight  of  7  to  pounds,  a  marked 
improvement  over  the  9-10  pound  preforms  produced  in  Phase  I. 

Based  upon  the  reduced  preform  size  and  acceptable 
properties  of  the  StCl  material,  the  estimated  cost  to 
manufacture  "this  bearing  housing  preform  in  production  is  $177 
(not  including  the  expense  of  finish  machining) .  In  comparison, 
the  cost  to  produce  the  16  pound  ring  forging  is  estimated  at 
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Fracture  Toughness,  Klc,  ksl/ln 


Raw  Material  Coat,  $/# 


21  18  16  12  8  6 


Figure  51.  FRACTURE  TOUGHNESS  OF  P/M  Ti-6AI-4V  IN  HEAT  TREATED 
CONDITION  AS  A  FUNCTION  OF  CHLORIDE  CONTENT  AND 
RAW  MATERIAL  COST  ($ /POUND) 
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F i gure  52  . 


ENDURANCE  LIMIT  (<jf) 
CONTENT  AND  RAW  MATER 
TREATED  Ti-6AI-4V. 


AS  A  FUNCTION  OF  CHLORIDE 
IAL  COST  ($ /POUND)  FOR  HEAT 
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ECONOMIC  EVALUATION  (con't) 


about  $300  (not  including  the  machining  costs,  which  would  be 
greater  than  for  the  P/M  part,  because  more  excess  material  is  to 
be  removed) .  Therefore,  by  employing  the  P/M  preform,  a  cost 
savings  representing  at  least  40%  of  the  cost  of  the  current 
forging  is  anticipated,  as  well  as  additional  cost  savings  in  the 
reduced  machining  to  remove  the  additional  9  lbs.  of  excess 
weight  of  the  forging  over  the  P/M  preform. 

The  bearing  housing  represents  a  clear  example  of  the 
advantages  of  Dynamet's  P/M  process  over  conventional 
manufacturing  methods.  Maintaining  near-net  shapes  in  producing 
initial  part  configurations  reduces  material  usage  and  the  labor 
content  of  machining  the  preform  to  final  dimensions. 
Furthermore,  the  flexibility  in  the  CHIP  process  is  broad  and 
relevant  to  diverse  component  shapes  ranging  from  closed-end  dome 
shapes  to  high-aspect  ratio  tubular  components  such  as  the  tank 
track  pin.  The  technology  also  lends  itself  to  introducing 
shaped  features  on  the  interior  of  parts,  as  illustrated  in  Task 
II  of  the  program  by  the  demonstration  of  the  inside-out 
pressing.  Conventional  fabrication  technologies  such  as  forging 
cannot  provide  the  flexibility  of  this  type  of  near-net 
dimensional  and  shape  control.  On  the  other  hand,  cast  products 
cannot  generally  provide  the  high  performance  fatigue  properties 
of  fully  dense,  CHIP  fabricated  P/M  components. 

THE  ABILITY  OF  THE  CHIP  PROCESS  TO  ECONOMIZE  ON  A  NUMBER  OF 
LEVELS  WITHOUT  COMPROMISING  THE  END-PRODUCT  QUALITY  AS  WELL  AS 
ITS  ADAPTABILITY  TO  A  WIDE  RANGE  OF  PART  APPLICATIONS ,  PLACES  IT 
AS  A  HIGHLY  COMPETITIVE  ALTERNATIVE  AMONG  THE  MORE  CONVENTIONAL 
TECHNOLOGIES  AVAILABLE  FOR  COMPONENT  MANUFACTURE. 
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SUMMARY  AMD  COMCLU8 I QMS 


This  SBIR  Phase  II  program  has  achieved  all  of  its  technical 
objectives  and  more.  Significant  accomplishments  have  been  made 
in  the  development  of  economical  P/M  fabrication  and  metal  proc¬ 
essing  methods  to  obtain  microstructural  uniformity  and  property 
uniformity  in  fully  dense,  near-net  shape  structural  quality 
preforms.  In  addition,  a  comprehensive  and  reliable  mechanical 
property  data  base  has  been  obtained  and  used  to  model  the 
important  mechanical  properties,  including  fatigue  and  fracture 
toughness,  as  they  relate  to  the  chloride  impurity  level  of  the 
starting  elemental  titanium  powders  and  the  corresponding  powder 
costs.  However,  the  linear  modeling  of  properties  vs.  chloride 
content  was  not  valid  for  all  properties  measured.  With  fatigue 
endurance  limit  and  fracture  toughness  there  was  a  sharp  change 
in  performance  between  ELCl  (<50ppm)  and  LC1-80  (200ppm) .  Above 
200  ppm  chloride  these  properties  were  essentially  constant. 

Specific  conclusions  and  achievements  of  the  program  are  as 
follows: 


1.  A  P/M  bearing  housing  preform  for  a  helicopter  gas  tur¬ 
bine  engine  was  designed  and  produced  at  less  than  7.5  lbs,  a  50% 
weight  saving  compared  to  the  forging  currently  used  in  its 
manufacture. 

2.  Statistically  significant  improvements  in  fatigue  prop¬ 
erties  were  achieved  when  chloride  content  was  reduced  to 
approximately  400  PPM.  At  540  PPM  or  more  there  was  no  signif¬ 
icant  difference  in  the  fatigue  properties  vs.  the  StCl  level. 

3.  A  200  to  400  PPM  chloride  level  provides  a  range  where 
improved  properties  can  be  achieved  to  meet  specific  demands  at 
reduced  cost  relative  to  producing  P/M  ELCl  parts  equivalent  to 
conventional  wrought  product. 

4.  A  significant  improvement  in  fatigue  properties  was 
achieved  between  0  and  200  PPM  chloride,  indicating  that  for  the 
most  demanding  fatigue-critical  applications,  near  chloride-free 
material  is  required. 

5.  Fracture  toughness  properties  closely  correlated  with 
fatigue  properties,  indicating  that  modest  improvements  can  be 
achieved  through  chloride  level  control. 

6.  Static  properties  indicated  consistent  results  across 
the  design  points  (as  adjusted  for  oxygen  level  variation) ,  and 
achieved  properties  comparable  to  wrought  materials. 

7.  The  experimental  design  provides  a  model  and  data  base 
to  permit  utilization  of  this  economical  P/M  technology  in 
applications  requiring  more  demanding  fatigue  requirements. 

8.  Titanium  Army  tank  track  pin  preforms  have  been  produced 
as  a  potential  application  of  these  results  to  a  new  component. 
This  demonstrates  the  applicability  of  this  P/M  technology  to 
components  of  widely  varied  size  and  configuration. 
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RECOMMENDATIONS 


With  the  successful  completion  of  Phase  II,  the  program  has 
clearly  demonstrated  that  the  CHIP  P/M  manufacturing  technology 
achieves  technical  performance  comparable  to  conventional  forged 
titanium  components.  In  addition,  the  CHIP  technology  clearly 
offers  substantial  savings  for  those  component  applications  which 
take  full  advantage  of  the  near-net  shape  making  offered  by  CHIP 
fabrication.  This  is  evident  from  the  conservative  cost 
projection  calculated  for  the  helicopter  bearing  housing  and, 
more  importantly,  from  the  record  of  performance  achieved  by 
Dynamet  Technology  over  the  past  few  years  in  the  production  and 
delivery  of  components  for  missile  applications.  The  only 
obstacle  that  remains  to  commercialize  the  use  of  CHIP  processed 
titanium  alloy  components  is  to  identify  a  component  reguirement 
in  early  prototype  development  that  is  approaching  production 
status.  Therefore  our  recommendations  are  as  follows: 

1.  It  is  strongly  recommended  that  the  Army  communicate  as 
promptly  as  possible  to  its  suppliers  of  fatigue  critical 
components,  that  there  now  exists  a  new  technology  which  has 
proven  itself  both  technically  feasible  and  economically 
advantageous  for  the  production  of  structural  titanium  alloy 
components.  In  this  way  final  prototype  and  production 
manufacture  will  most  rapidly  be  introduced  and  applied  to 
meeting  requirements  of  existing  or  newly  planned  systems. 

2.  Introduction  of  the  P/M  Bearing  Housing  as  a  substitute 
for  the  Ring  Forging  should  be  pursued  as  a  Value  Engineering 
(VE)  change. 

3.  The  prototype  CHIP  fabricated  tank  track  pins 
manufactured  in  this  program  should  be  fully  evaluated  to 
determine  which  material (s)  have  static  and  dynamic  mechanical 
properties  sufficient  to  meet  the  requirements  of  tank  service. 
Based  on  these  results  a  tank  track  pin  development  program 
should  be  undertaken  to  select  the  optimum  alloy  composition, 
refine  the  CHIP  manufacturing  of  track  pin  preforms,  and  qualify 
this  material  for  use  (perhaps  through  a  Phase  III  SBIR,  see 
recommendation  5) . 

4.  Review  other  candidate  components  and  select  a  current 
production  design  which  could  utilize  the  Ti-6A1-4V  CHIP  preform 
technology  developed  under  this  program.  Address  required 
preform  design  modifications  and  qualify  through  first  article 
preproduction  for  substitution  into  existing  or  future 
production. 

5.  Additional  work  should  be  performed  which  would  increase 
the  technical  options  offered  by  the  CHIP  titanium  alloy  tech¬ 
nology  and  thereby  expand  the  future  opportunities  for  this  near- 
net  shape  fabrication  process.  Suggested  tasks  could  include  the 
development  of  other  high  performance  titanium  alloys  such  as 
those  for  higher  temperature  use,  and  component  preform  shapes 
for  specific  applications  in  which  these  alloys  are  specified. 
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RECOMMENDATIONS  (cott't) 


6.  The  successful  results  of  this  program  demand  the  prompt 
undertaking  of  a  Phase  III  program  aimed  at  one  or  more  potential 
production  components  (perhaps  Tank  components) .  The  Phase  III 
program  will  ensure  that  the  innovative  technology  confirmed  here 
will  result  in  production  cost  benefit  to  the  military.  In 
addition  this  technology  has  been  demonstrated  to  offer  "dual 
use"  application  and  thus  such  an  Army  program  will  as  a  by¬ 
product  contribute  to  U.S.  industrial  competitiveness. 
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APPENDIX  A 

CERTIFICATE  OF  CONFORMANCE  OF  T1-6A1-4V  BEARING  HOUSING  MACHINED  FROM  DYNAMET  PHASE  I  PREFORM 
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APPENDIX  B 

MEASURED  PROPERTIES  OF  TASK  III  TEST  BARS 


TABLE  B-1 

DENSITIES  OF  TEST  BARS  AFTER  SINTERING  AND  AFTER  HIPING 


SINTERED  %  THEOR.  DENS.  HIP’D  %  THEOR.  DENS. 
BLEND  FORM  DENSITY  (SINTERED)  DENSITY  (HIP'D) 


ELC1  CYLINDER 

4.250 

95.94 

4.443 

100.29 

ELCI  CYLINDER 

4.255 

96.05 

4.446 

100.35 

ELC1  CYLINDER 

4.257 

96.09 

4.448 

100.41 

ELCI  CYLINDER 

4.259 

96.13 

4.448 

100.41 

ELCI  CYLINDER 

4.258 

96.12 

4.450 

100.46 

ELCI  CYLINDER 

4.254 

96.03 

4.451 

100.46 

ELCI  CYLINDER 

4.261 

96.18 

4.449 

100.43 

ELCI  CYLINDER 

4.253 

96.02 

4.452 

100.50 

ELCI  CYLINDER 

4.259 

96.14 

4.450 

100.45 

ELCI  CYLINDER 

4.244 

96.79 

4.452 

100.51 

ELCI  CYLINDER 

4.247 

96.88 

4.455 

100.56 

ELCI  RECTANGLE 

4.245 

95.83 

4.445 

100.35 

ELCI  RECTANGLE 

4.255 

96.05 

4.446 

100.36 

ELCI  RECTANGLE 

4.254 

96.02 

4.447 

100.38 

ELCI  RECTANGLE 

4.261 

96.19 

4.453 

100.51 

ELCI  RECTANGLE 

4.261 

96.19 

4.453 

100.52 

ELCI  RECTANGLE 

4.255 

96.04 

4.453 

100.52 

LCL-20 

CYLINDER 

4.310 

97.30 

4.435 

100.11 

LCL-20 

CYLINDER 

4.312 

97.33 

4.434 

100.09 

LCL-20 

CYLINDER 

4.306 

97.20 

4.433 

100.07 

LCL-20 

CYLINDER 

4.305 

97.18 

4.433 

100.08 

LCL-20 

CYLINDER 

4.311 

97.31 

4.435 

100.12 

LCL-20 

CYLINDER 

4.317 

97.45 

4.438 

100.18 

LCL-20 

CYLINDER 

4.314 

97.39 

4.434 

100.08 

LCL-20 

CYLINDER 

4.313 

97.35 

4.439 

100.21 

LCL-20 

CYLINDER 

4.307 

97.22 

4.434 

100.10 

LCL-20 

CYLINDER 

4.313 

97.37 

4.435 

100.12 

LCL-20 

CYLINDER 

4.307 

97.23 

4.432 

100.05 

LCL-20 

CYLINDER 

4.318 

97.48 

4.438 

100.18 

LCL-20 

CYLINDER 

4.312 

97.33 

4.436 

100.14 

LCL-20 

CYLINDER 

4.318 

97.46 

4.433 

100.07 

LCL-20 

CYLINDER 

4.312 

•  97.35 

4.434 

100.08 
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BLEND 

FORM 

SINTERED 

DENSITY 

%  THEOR.  DENS. 
(SINTERED) 

HIP '  D 
DENSITY 

LCL-20 

RECTANGLE 

4.303 

97  .  14 

4.431 

LCL-20 

RECTANGLE 

4.315 

97 . 40 

4 . 430 

LCL-20 

RECTANGLE 

4.314 

97 . 38 

4 . 431 

LCL-20 

RECTANGLE 

4.319 

97.49 

4.431 

LCL-20 

RECTANGLE 

4.312 

97.34 

4 . 434 

LCL-20 

RECTANGLE 

4.322 

97.55 

4.432 

LCL-40 

CYLINDER 

4.311 

97.32 

4.438 

LCL-40 

CYLINDER 

4.303 

97.13 

4.437 

LCL-40 

CYLINDER 

4.310 

97.29 

4 . 435 

LCL-40 

CYLINDER 

4.350 

97.40 

4 .437 

LCL-40 

CYLINDER 

4.306 

97.20 

4 .436 

LCL-40 

CYLINDER 

4.308 

97.24 

4 . 436 

LCL-40 

CYLINDER 

4.308 

97.25 

4 .434 

LCL-40 

CYLINDER 

4.304 

97.15 

4 . 435 

LCL-40 

CYLINDER 

4.310 

97.29 

4 .434 

LCL-40 

CYLINDER 

4.312 

97.34 

4.437 

LCL-40 

CYLINDER 

4.307 

97.22 

4.433 

LCL-40 

CYLINDER 

4.306 

97.21 

4 . 435 

LCL-40 

CYLINDER 

4.307 

97.21 

4.436 

LCL-40 

CYLINDER 

4.303 

97.13 

4.434 

LCL-40 

RECTANGLE 

4.309 

97.28 

4 . 429 

LCL-40 

RECTANGLE 

4.316 

97.43 

4.434 

LCL-50 

CYLINDER 

4.297 

96.99 

4 . 441 

LCL-50 

CYLINDER 

4.297 

97.00 

4 . 447 

LCL-50 

CYLINDER 

4.304 

97.16 

4.433 

LCL-50 

CYLINDER 

4.303 

97.13 

4 . 433 

LCL-50 

CYLINDER 

4.300 

97.06 

4 .432 

LCL-50 

CYLINDER 

4.338 

97.93 

4.435 

LCL-50 

CYLINDER 

4.301 

97.09 

4.431 

LCL-50 

CYLINDER 

4.309 

97.27 

4 .431 

LCL-50 

CYLINDER 

4.309 

97.28 

4.432 

LCL-50 

CYLINDER 

4.304 

97.16 

4 . 430 

LCL-50 

CYLINDER 

4.304 

97.16 

4.431 

LCL-50 

CYLINDER 

4.299 

97.04 

4.430 

LCL-50 

CYLINDER 

4.299 

97.04 

4.433 

LCL-50 

CYLINDER 

4.305 

97.17 

4.435 

%  THEOR.  DENS. 
(HIR'D) 


100.01 
100.01 
100.03 
100.03 
100  ,09 
IOC. 05 


100.19} 
100. 162 

100.10 
100.15 

100.14 

100.14 
100.09 

100.11 
100.09 
100.17 
100.06 

100.11 

100.14 
100.10 


99.98 

100.09 


100.26} 
100.39 
100.07 
100. C7 
100.05 
100.12 
100.02 
100.03 
100.05 
100.00 
100.04 
100.00 
100.06 
100.11 
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BLEND 

FORM 

SINTERED 

DENSITY 

%  THEOR.  DENS. 
(SINTERED) 

HIP'D 

DENSITY 

%  THEOR.  DENS. 
(HIP’D) 

LCL-50 

RECTANGLE 

4.303 

97  . 14 

4.438 

100.18 

LCL-SO 

RECTANGLE 

4.306 

97.21 

4.440 

100.21 

LCL-50 

RECTANGLE 

4.299 

97.03 

4.437 

100.15 

LCL-50 

RECTANGLE 

4.306 

97.20 

4.437 

100.17 

LCL-50 

RECTANGLE 

4.300 

97.06 

4.440 

100 . 22 

LCL-50 

RECTANGLE 

4.304 

97.16 

4.435 

100.12 

LCL-60 

CYLINDER 

4.278 

96.56 

4.438 

100 . it 

LCL-60 

CYLINDER 

4.289 

96 .81 

4.432 

100. 042 

LCL-60 

CYLINDER 

4.283 

96.69 

4.442 

100.27 

LCL-60 

CYLINDER 

4.280 

96.61 

4.441 

100.26 

LCL-60 

CYLINDER 

4.282 

96.65 

4.442 

100.28 

LCL-60 

CYLINDER 

4.279 

96 . 59 

4.442 

100.28 

LCL-60 

CYLINDER 

4.277 

96.55 

4.444 

100.32 

LCL-60 

CYLINDER 

4.284 

96.70 

4.444 

100.31 

LCL-60 

CYLINDER 

4.287 

96.77 

4.443 

100.29 

LCL-60 

CYLINDER 

4.284 

96.72 

4.442 

100.28 

LCL-60 

CYLINDER 

4.289 

96.81 

4.443 

100.29 

LCL-60 ' 

CYLINDER 

4.298 

97.02 

4.444 

100.32 

LCL-60 

CYLINDER 

4.293 

96.92 

4.444 

100.33 

LCL-60 

RECTANGLE 

4.298 

97.03 

4.437 

100 .17 

LCL-60 

RECTANGLE 

4.300 

97.07 

4.440 

100.22 

LCL-60 

RECTANGLE 

4.296 

96.98 

4.439 

100.21 

LCL-60 

RECTANGLE 

4.298 

97.02 

4.440 

100.22 

LCL-60 

RECTANGLE 

4.302 

97.10 

4.442 

100.27 

LCL-60 

RECTANGLE 

4.296 

96.97 

4.439 

100.20 

LCL-80 

CYLINDER 

4.258 

Q6 . 1 2 

4.443 

100.3d 

LCL-80 

CYLINDER 

4.280 

96.62 

4.434 

ioo. or 

LCL-80 

CYLINDER 

4.278 

96.57 

4.447 

100.38 

LCL-80 

CYLINDER 

4.275 

96.51 

4.447 

100.39 

LCL-80 

CYLINDER 

4.265 

96.28 

4.448 

100.42 

LCL-80 

CYLINDER 

4.277 

96.55 

4.449 

100.43 

LCL-80 

CYLINDER 

4.275 

96.50 

4.448 

100.40 

LCL-80 

CYLINDER 

4.274 

96.49 

4.447 

100.37 

LCL-80 

CYLINDER 

4.252 

95.99 

4.448 

100.41 

LCL-80 

CYLINDER 

4.269 

96.37 

4.450 

100.46 

LCL-80 

CYLINDER 

4.273 

96.45 

4.449 

100.43 

LCL-80 

CYLINDER 

4.266 

■  96.3-0 

4.448 

100.41 

LCL-80 

CYLINDER 

4.271 

96.41 

4.450 

100.46 
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BLEND 


FORM 


SINTERED  %  THEOR.  DENS. 
DENSITY  (SINTERED) 


HIP ’ D  %  THEOR.  DENS . 
DENSITY  (HIP'D) 


LCL-30  RECTANGLE 

4.277 

96.55 

4.433 

100.07 

LCL-80  RECTANGLE 

4.285 

96.72 

4.448 

100.40 

LCL-80  RECTANGLE 

4.271 

96.41 

4.446 

100 . 36 

LCL-30  RECTANGLE 

4.279 

96.60 

4.444 

100 . 32 

LCL-80  RECTANGLE 

4.279 

96 . 58 

4.444 

100 . 32 

LCL-80  RECTANGLE 

4.267 

96.32 

4.444 

100.31 

STC 1 

CYLINDER 

4.316 

97.43 

4.427 

99. 9< 

STCi 

CYLINDER 

4.313 

97.36 

4.435 

100  .  ITT 

STC1 

CYLINDER 

4.318 

97.48 

4.428 

99 . 97 

STCI 

CYLINDER 

4.320 

97.52 

4.430 

100.01 

STCI 

CYLINDER 

4.314 

97.38 

4.429 

99 . 97 

STCI 

CYLINDER 

4.307 

97.23 

4.426 

99.91 

STCI 

CYLINDER 

4.319 

97.49 

4.429 

99 . 98 

STCI 

CYLINDER 

4.315 

97.40 

4.428 

99 . 96 

STCI 

CYLINDER 

4.320 

97.51 

4.429 

99 . 97 

STCI 

CYLINDER 

4.314 

97.38 

4.427 

99.93 

STCI 

CYLINDER 

4.313 

97.35 

4.428 

99.96 

STCI 

CYLINDER 

4.313 

97.35 

4.429 

99.99 

STCI 

CYLINDER 

4.322 

97.56 

4.430 

100.00 

STCI 

CYLINDER 

4.311 

97.32 

4.429 

99.98 

STCI 

CYLINDER 

4.328 

97.69 

4.433 

100.07 

STCI 

CYLINDER 

4.314 

97 . 38 

4.430 

100.00 

STCI 

RECTANGLE 

4.308 

97.24 

4.419 

99.74 

STCI 

RECTANGLE 

4.308 

97.25 

4.398 

99.27 

STCI 

RECTANGLE 

4.314 

97.37 

4.425 

99 . 39 

STCI 

RECTANGLE 

4.309 

97.28 

4.423 

99 . 85 

STCI 

RECTANGLE 

4.319 

97.48 

4.428 

99.95 

STCI 

RECTANGLE 

4.309 

97.27 

4.431 

100.03 

1  Evaluation  HIP  cycle  at  1650®P  for  2  hours  at  15,000  psi 

2  Evaluation  HIP  cycle  at  2165°F  for  4  hours  at  25,000  psi 
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TABLE  B-2 


ROCKWELL  C  HARDNESS  (Rc)  VALUES  FOR  HIP’D 
AND  HIP'D  PLUS  HEAT  TREATED  TEST  BARS 


%  ELCI 

HIP 

@ 1650  F 

HIP 

@  2165  F 

HEAT 

TREATED* 

■  if.  ">;■ 

...  . 

,  ..  ......  .  %  •**  y"  *.« , 

*”  ‘  V r  * 

0 

30 

33 

37 

20 

32 

32 

36 

40 

32 

33 

40 

50 

31 

33 

39 

60 

32 

32 

39 

80 

33 

35 
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'Heat  Treatment  after  1650F  HIP  by  Solution  Anneal  at 
1750F  for  1  hr, Water  Quench,  and  Age  1050F  for  4  hrs. 
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TABLE  B-3 


TENSILE  PROPERTIES  OF  HIP'D  AND  HIP'D  PLUS 
HEAT  TREATED  TEST  BARS 
COMPARING  PROCESSES 


PROCESS  BLEND 


#1 

1650F  HIP 
2  HR 

15.000  psi 

sta 

LCI-20 

LCM0 

LCI-50 

LCJ-60 

LCI-80 

ELCI 

#2 

sta 

LCI-20 

2165F  HIP 

LCMO 

4  HR 

LCI-50 

25.000  psi 

La-60 

La-oo 

ELa 

#3 

stci 

LCI-20 

1650F  HIP 

La-40 

plus 

La-50 

HEAT 

LCI-60 

TREAT 

LCI-80 

ELa 

Ultimate 

Tensile  Strength 


urn 


0.2%  Offset 
Yield  Strength 


Elonga¬ 

tion 


Reduction 
of  Area 


133.100 

137.300 
140.800 
143.400 

148.300 


123.200 
127.800 
128.500 

135.200 


136.900 

142.300 

142.700 

147.600 


129.400 

133.700 

135.000 


158.660 

160.190 

165.500 

169,020 


157.410 

157.590 


unavailable 

unavailable 

unavailable 

unavailable 

unavailable 

unavailable 

unavailable 


1  Broke  out  of  gage  length  before  reaching  0.2%  offset  strain. 
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TABLE  B-4 

FOUR  POINT  BEND  TEST  RESULTS 
FOR  SEVEN  ALLOY  BLENDS 


BLEND  S/N  MAX.  LOAD  (lbs.)  DISPLACEMENT  (in.) 


ELC1 

3 

1376.6 

0.038 

ELC1 

4 

1809.2 

0.048 

ELC1 

5 

1965.0 

0.071 

LC1-80 

3 

1169.9 

0.036 

LC1-80 

4 

1216.8 

0.036 

LC1-80 

5 

1390.0 

0.043 

LC1-60 

3 

1071.5 

0.032 

LC1-60 

4 

1108.7 

0.034 

LC1-60 

5 

1329.1 

0.041 

LC1-50 

3 

1131.5 

0.034 

LCl-50 

4 

1044.4 

0.033 

LC1-50 

5 

1262.3 

0.040 

LC1-40 

4 

1051.5 

0.034 

LC1-40 

5 

1001.5 

0.033 

LC1-20 

3 

1082.9 

0.030 

LC1-20 

4 

1186.0 

0.036 

LC1-20 

5 

1177.1 

0.035 

STC1 

3 

958.8 

0.028 

STC1 

4 

1161.3 

0.032 

STC1 

5 

1246.2 

0.037 

K1Q  (kaWTn. ) 


50.03 

65.75 

71.41 


42.51 
44.22 

50.51 


38.94 

40.29 

48.30 


41.12 

37.95 

45.87 


38.21 

36.39 


39.35 

43.10 

42.78 

34.84 

42.20 

45.29 
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TABLE  B-5 

FATIGUE  TEST  RESULTS  FOR  SEVEN  ALLOY  BLENDS 


BLEND 

S/N 

STRESS  (ksi ) 

FATIGUE  LIFE  (CYCLES) 

ELC1 

4 

100.0 

44,700 

ELC1 

5 

90.0 

236,300 

ELC1 

6 

85.0 

210,800 

ELC1 

7 

80.0 

65,200 

ELC1 

8 

75.0 

3,076,200 

ELC1 

9 

75.0 

856,200 

LC1-80 

4 

90.0 

34,300 

LC1-80 

5 

80.0 

49,800 

LC1-80 

6 

70.0 

82,400 

LC1-80 

7 

60.0 

3,327,400 

LC1-80 

8 

60.0 

3,300,600 

LC1-80 

9 

65.0 

339,700 

LC1-60 

4 

75.0 

45,500 

LC1-60 

5 

65.0 

42,500 

LC1-60 

6 

55.0 

207,600 

LC1-60 

7 

50.0 

>10,000,000 

LC1-60 

8 

53.0 

78,700 

LC1-60 

9 

50.0 

>10,000,000 

LC1-50 

4 

70.0 

76,000 

LC1-50 

5 

60.0 

96,700 

LC1-50 

6 

55.0 

>10,000,000 

LC1-50 

7 

58.0 

9,693,500 

LC1-50 

8 

60.0 

331,600 

LC1-50 

9 

63.0 

79,200 

LC1-40 

4 

65.0 

60,200 

LC1-40 

5 

60.0 

287,300 

LC1-40 

7 

55.0 

>10,000,000 

LC1-40 

8 

58.0 

85,500 

LC1-40 

9 

60.0 

169,600 

LC1-20 

4 

60.0 

80,400 

LC1-20 

5 

55.0 

218,900 

LC1-20 

7 

50.0 

>10,000,000 

LC1-20 

8 

53.0 

>10,004,800 

LC1-20 

9 

58.0 

76,100 

STC1 

4 

110.0 

15,300 

STC1 

5 

100.0 

19,100 

STC1 

6 

88.0 

13,000 

STC1 

7 

55.0 

973,300 

STC1 

8 

50.0 

>10,037,600 

STC1 

9 

60.0 

97,100 
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